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ABSTRACT 
 
Plant signalling peptides have been shown to have important roles in plant development. These 
peptides mediate signal transduction pathways that regulate specific developmental events 
including meristem development and cellular differentiation.  In this thesis, a member of the C-
terminally Encoded Peptide (CEP) family of regulatory peptides, MtCEP1, is studied in the 
model legume, Medicago truncatula, for its regulation of nitrogen-mediated root development, 
most particularly, lateral root and nodule formation.  The MtCEP1 peptide-encoding gene is 
upregulated by low nitrogen condition, an environmental cue which strongly regulates both 
lateral root and nodule formation. Therefore, MtCEP1 provides an excellent research avenue as 
an important regulatory molecule for modulating root architecture in response to exogenous 
nitrogen levels. In this thesis, I have functionally characterized MtCEP1 for its role in regulating 
lateral root and nodule development. This is the first characterization of a CEP peptide member 
in Medicago and outside of Arabidopsis. MtCEP1 negatively regulates lateral root formation and 
promotes nodulation. There are three characteristic root phenotypes when MtCEP1 was 
overrepresented to the root (either by overexpressing the peptide-encoding gene or applying the 
synthetic peptide to the root): (1) reduction of lateral root number, (2) increased in nodulation 
competency and nodule number, (3) formation of periodic circumferential cell proliferation 
(CCP) sites. By knocking down MtCEP1 using a multigene RNAi construct to reduce gene 
redundancy effects, significantly more lateral roots were formed while there was no change in 
the nodule number. This corroborates the results with MtCEP1 promoter analysis using GUS 
reporter construct (pMtCEP1:GUS) which showed high expression in lateral root primordia 
when grown in low nitrogen condition. These results suggest the direct regulation of MtCEP1 in 
regulating lateral roots. Nonetheless, pMtCEP1:GUS also displayed high expression in young 
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nodule primordia indicating that MtCEP1 could be indirectly regulating nodulation by 
modulating the root nodulation susceptibility during nitrogen limitation.  Analysis of the nodule 
phenotypes revealed wider zone of susceptibility to nodulation, increased nodule number and 
nodule morphologies akin to ethylene-insensitive mutant, sickle. Therefore, this thesis further 
explores MtCEP1 regulation of nodule development, focusing on ethylene-mediated pathway.  In 
Medicago, ethylene regulates nodulation susceptibility and provides positional information for 
nodulation. In the sickle mutant, a mutant of the EIN2 (ETHYLENE INSENSITIVE 2) in the 
ethylene signaling pathway, hypernodulation and loss of positional information of the nodules 
could be observed. By utilizing the sickle mutant, I have demonstrated in this thesis that MtCEP1 
requires EIN2-mediated ethylene signaling pathway to increase the nodulation susceptibility. To 
further understand the regulation of MtCEP1, I have successfully isolated and identified the 
endogenous forms of MtCEP1 peptides. Nine peptides were identified which corresponds to two 
MtCEP1 peptide domains. The peptides were also hydroxylated and/or triarabinosylated for their 
biological activities. This is the first isolation of small signalling peptides in Medicago 
truncatula and the first characterization of triarabinosylated CEP peptide. Additionally, the 
differential biological activities imparted by the various MtCEP1 peptides on the root 
architecture provide a new insight in the complexity of plant signaling peptide regulation. In 
conclusion, MtCEP1 dynamically regulates lateral organ development through the different 
endogenous peptide species which provides developmental plasticity for the root in response to 
nitrogen availability. 
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C-terminus – carboxy-terminus of a protein chain 
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1
1 INTRODUCTION 
 
1.1 Overview 
This PhD project explores the functional characterization of MtCEP1 (Medicago truncatula C-
terminally encoded peptide 1) in root architecture regulation and the identification of the 
endogenous, biologically active form of the peptides that are produced from this gene. Chapter 3 
shows that the MtCEP1 peptide-encoding gene is regulated by nitrogen availability which is also 
an important abiotic factor for regulating root architecture. Therefore, I will be reviewing how 
nitrogen levels mediate the regulation of legume root architecture in the first subsection (1.2) of 
this introduction chapter. As auxin is strongly linked to root development, I will also summarize 
auxin involvement in nitrogen-mediated root development. Further on in Chapter 4, I will 
demonstrate that MtCEP1 modulates the ethylene signaling pathway to mediate the nodulation 
phenotypes. Thus, the second subsection (1.3) of this introduction will focus on ethylene 
regulation of legume root development including the ethylene-mediated local control of 
nodulation.  In the third subsection (1.4), I will summarize the importance of signaling peptides 
in root development, followed by a review of the isolation and identification of plant signaling 
peptides. Finally at the end of this chapter (1.5), I will explain the scope of this project with the 
rationale and objectives of the studies outlined in each chapter. 
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1.2 The importance of legumes in the nitrogen cycle 
1.2.1 The nitrogen cycle in the biosphere 
Nitrogen is important for all organisms.  It provides the building blocks for DNA and protein 
production. Plants serve as an important nitrogen assimilator as they take up nitrogen from the 
soil, incorporate it into organic forms and provide the major protein source for animals and 
humans. In the nitrogen cycle, plants take up inorganic nitrogen – in the form of ammonium or 
nitrate, with the latter as the preferred form, and assimilate it, firstly, into glutamate and then into 
protein. Nitrogen is also indispensable for plant development as it dictates the rate of plant 
growth and, ultimately, productivity. Therefore, the acquisition of nitrogen into the food chain is 
through plants. 
 
Since the Green Revolution which was initiated in the 1960s, the use of nitrogen fertilizers has 
greatly enhanced crop production with the global cereal production doubling in the last few 
decades (Tilman, 1998; Tilman et al., 2002). However, excessive use of nitrogen fertilizers has 
led to various environmental problems (Tilman, 1998) while crop production appears to be 
reaching a plateau in many crops (Grassini et al., 2013). While some of the nitrogen fertilizer is 
retained in the soil for future use, significant amounts of the excess nitrogenous fertilizer is lost 
through runoff, polluting waterways and promoting the growth of potentially toxic algal blooms 
(Rockström et al., 2009; Steffen et al., 2015). While this problem of excessive nitrogen 
fertilizers mostly pertained to developed countries, low nitrogen availability in soil and limited 
access to nitrogen fertilizers in developing countries strongly affect crop production (Olston and 
Hadstead, 1974). Adding to these problems is the fact that the Haber-Bosch process used to 
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make synthetic nitrogen fertilizers is reliant on fossil fuels, a non-renewable resource, which has 
become increasingly expensive and which also yields large amounts of CO2 a greenhouse gas.  
Nitrous oxide (N2O) and nitric oxide (NO) are also emitted into the atmosphere from the 
nitrification and denitrification processes, contributing again to global warming and to damaging 
the ozone layer (Mosier et al., 1998; Cowling et al., 1998; Galloway et al., 2013). All of this 
leaves agronomists and policy makers in a quandary – crop production which relies on nitrogen 
fertilizers, needs to be increased to sustain the burgeoning world population (Tilman et al., 2011) 
but the previous solution of increasing the application of these fertilizers in combination with 
new varieties of crop plants is no longer effective as plants have limited capacity for nitrogen 
uptake and assimilation (Cassman et al., 2002; Hirel et al., 2007). Hence, it is clear that higher 
yields from plants must be combined with sustainable farming practices.   
 
An alternative approach to making nitrogen available on a sustainable basis is to use legumes to 
biologically fix nitrogen.  Many legumes have the unique property of forming nitrogen-fixing 
nodules which house rhizobia in a symbiotic relationship with the plant.  Only few non-legumes 
such as actinorhizal plants can form nitrogen-fixing nodules with Frankia. The rhizobia provide 
the plant with a source of nitrogen in the form of ammonium (NH4+) which is assimilated as 
glutamate, and in return, the plant provides the rhizobia harbored inside the nodule with organic 
acids, mostly malate and succinate, as carbon and energy sources. Nitrogen fixation from 
legumes-rhizobia symbiosis is estimated to be 32-46 Tg annually (Herridge et al., 2008). The 
nitrogen availability for crop production and the crops nitrogen use efficiency will have a great 
impact on the environment and the sustainability of world food production. 
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1.2.2 Medicago truncatula as the model legume for the study of nodulation 
A model plant for studying the formation of indeterminate nodules and lateral roots is Medicago 
truncatula. It has a sequenced genome and the current assembly (Mt4.0, released in early 2014) 
has about 93% of the sequences mapped to the genome (Tang et al., 2014). Research initiatives 
have generated a large number of mutants, through retrotransposon Tnt1 insertion and fast-
neutron-bombardment, which are available for genetic studies (Tadage et al., 2008).  Additional 
transgenic plants can be readily generated in M. truncatula albeit with a longer transformation 
time compared to Arabidopsis thaliana and rice, which are non-leguminous plant models. From a 
short-term practical basis, M. truncatula is amenable to generating composite plants which have 
transformed transgenic ‘hairy’ roots (induced by Agrobacterium rhizogenes) and wild type 
shoots.  Composite plants have been very useful to study gene regulation in root development 
(Boisson-Dernier et al., 2001). With respect to nodulation, M. truncatula is the host for 
Sinorhizobium meliloti, a well-studied rhizobium with fully sequenced genome (Barnett et al., 
2001; Galibert et al., 2001). Thus M. truncatula provides an excellent model system for studying 
legume biology (Cook, 1999; Frugoli and Harris, 2001) and was utilized in this project to 
understand the role of the MtCEP1 peptide in the formation of nodules and lateral roots. 
 
1.2.3 Nitrogen-regulated development of lateral organ formation in legumes 
Plant roots are responsible for nitrogen uptake in the soil and root architecture is strongly 
regulated by nitrogen availability (Figure 1.1). High homogenous nitrogen levels inhibit primary 
and LR root growth and low levels of nitrogen stimulate the growth of the primary and lateral 
roots (Ruffel et al., 2008; Ruffel et al., 2011). In the case of legumes, lateral roots and nodule 
formation, are similarly influenced by nitrogen availability (see Mohd-Radzman et al., 2013). 
5 
 
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
Figure 1.1: Regulation of nodule and lateral root formation in low and high N. Low N promotes the formation of lateral roots and nodules. 
Lateral root formation increases in low N to promote foraging. However, if the root senses a patch of high N during N-limitation, lateral root 
elongation is promoted towards the high N-patch to exploit the available N-source for the plant use. In low N, legume roots are susceptible to 
rhizobial infection and form nodules in which N is fixed by rhizobia and transported into the plant. The formation of nodules also sends a root-
derived signal “Q” to the shoot (which has recently been shown to be one or more CLE peptides), which triggers the production of a shoot-
derived inhibitor (SDI) that travels back to the root to inhibit further nodulation. In homogenous high N conditions, both lateral roots and 
nodules are inhibited. In high N, the root is less susceptible for nodulation and infection, nodule number development and N fixation capacity are 
reduced. High shoot N also leads to less lateral root formation. [Published in Mohd-Radzman et al. (2014)] 
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Both lateral roots and nodules are inhibited by high nitrogen levels while homogenous low 
nitrogen levels promote lateral organ formation (Jin et al., 2012). The role of nitrogen in 
regulating lateral root and nodule formation is further explained in subsection 1.3.3 and 1.3.4 
respectively. 
 
1.2.3.1 The developmental initiation of lateral organs occurs in the elongation zone 
Plant root growth is attributed to the controlled cellular division originated from the root apical 
meristem (RAM) at the tip of the primary root. The primary root has three primary 
developmental zones which are the meristematic zone (where the RAM is located), the 
elongation zone and the differentiation zone (for review, refer to Petricka et al., 2012). In 
Arabidopsis, the distal part of the elongation zone has been considered as another zone called the 
transition zone or the distal elongation zone (Verbelen et al., 2006). However as this zone has not 
been characterized in M. truncatula, in this thesis, this zone will be considered as part of the 
elongation zone of M. truncatula roots. In the primary root, the meristematic zone consists of 
young cells which are mostly undifferentiated and the quiescent centre which is a zone of 
relatively slow dividing undifferentiated cells. During root growth, cells which are produced in 
the meristematic zone progress into the elongation zone (Wachsman et al., 2015). This zone 
consists of elongating cells which are developmentally programmed once they progress into the 
differentiation zone. Thus, the elongation zone is known to be highly regulated by 
phytohormones (Ubeda-Tomás et al., 2012).  
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Figure 1.2: The regulation of lateral organ formation is controlled by developmental 
processes near the root tip.( A) In Arabidopsis, lateral roots are formed from pre-branch sites 
(red box). Pre-branch sites arise from the specialized programing of a particular subset of xylem-
pole pericycle cells that are marked by a highly localized peak of DR5:LUC expression (red box) 
(Moreno-Risueno et al., 2010; Wachsman et al., 2015).  Compared to other regions of the roots, 
these programmed pericycle cells are postulated to remain in the G1 cell cycle stage (blue cell 
file) from which lateral roots can be subsequently initiated (red zone in A where cells progress to 
S, G2 and M phases of the cell cycle).  The cell cycle phases denote the cellular state of the stem 
cell niche at the meristem and the pericycle cells at the elongation zone.  The phloem-pole 
pericycle cells are reported to exit the cell cycle and remain in G1 stage (Beeckman et al., 2001).  
It is likely that where the xylem-pole pericycle cells are primed to become future lateral roots 
(Beeckman et al., 2001) coincides with the oscillating zone (OZ) as indicated by the inset image.  
These programmed cells will give rise to the pre-branch site (PB site) which can proceed into the 
S and subsequently the G2 phase for lateral root formation.  (B) For nodule formation, the zone 
of maximum developmental susceptibility is located between the developing root hair zone and 
no root hair zone (Bhuvaneswari et al., 1981; Stephens and Cooper, 1988 and Bhuvaneswari et 
al., 1980). (Images adapted from Moreno-Risueno et al., 2011; Beeckman et al., 2001; 
Bhuvaneswari et al., 1981) 
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For lateral roots, the founder cells are known to be programmed very early in the development 
near the root tip (Figure 1.2) (Beeckman et al., 2001). In Arabidopsis, this programming event 
for priming the founder cells is mediated by groups of oscillating genes at the elongation zone 
(Moreno-Risueno et al., 2010). The selected pericycle cells programmed at the elongation zone 
subsequently will form the pre-branch sites which provide potential lateral root initiation sites 
(Beeckman et al., 2001; Moreno-Risueno et al., 2010).  The auxin-responsive DR5:LUC serves 
as a marker for the oscillation  in the elongation zone (Figure 1.2 A) and once the root grows 
away from the zone, the residual DR5:LUC activity marks the pre-branch site (Moreno-Risueno 
et al., 2010). It is important to note, however, that not all the pre-branch sites will go on to form 
lateral roots (Beeckman et al., 2001; Moreno-Risueno et al., 2010). It is not yet known if a 
similar oscillation zone mechanism is involved in LR formation in legumes. 
 
For nodules on legume roots, cells in the elongation zone near the root tip are most susceptible to 
the rhizobial infection events which precede nodule initiation. Thus this zone is referred to as the 
“zone of susceptibility” (Bhuvaneswari et al., 1980; Bhuvaneswari et al., 1981; Stephens and 
Cooper, 1988). The zone of susceptibility is located in the elongation zone, specifically between 
the no root hair zone and developing root hairs (Figure 1.2B). In many legumes, nodules do not 
form once the root hairs are mature.  Where nodules do arise once root hairs are mature this 
usually coincides with a lateral root formation site (Mathesius et al., 2000).  
 
In summary, both lateral root and nodule development arise from specialized groups of cells near 
the root tip. These cells are hypothesized to not be terminally differentiated and are therefore 
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maintained in the active stages of the cell cycle (Beeckman et al., 2001; Atta et al., 2009). In 
plant cells, there are two cellular checkpoints at the end of the G2-M and G1-S stages of the cell 
cycle.  The latter allows cells to continue with cellular division or to endoreduplicate and become 
terminally differentiated (Kondorosi and Kondorosi, 2004; Veylder et al., 2011). Although 
compared to lateral roots, the developmental window for nodule initiation is generally more 
constricted to the zone of susceptibility behind the root tip, the early responses for the initiation 
processes of both lateral roots and nodule require the cellular capacity of the respective tissues to 
form the lateral organs. Therefore, this cellular programming is essential for modulating lateral 
root and nodule development according to environmental cues.  
 
1.2.3.2 Lateral organ developmental stages 
Both lateral roots and nodules develop post-embryonically. Although lateral roots and nodules 
share common features regarding the location of the zone for the establishment of their 
respective primordia, there are differences in the subsequent developmental stages for each 
organs, which are summarized here.  
 
Studies on Arabidopsis showed that once the pre-branch sites are formed during lateral root 
development, these sites serve as potential lateral root initiation sites. It has also been 
demonstrated in Arabidopsis that specific developmental cues trigger the pericycle cells at these 
sites to divide, differentiate, and emerge as lateral roots. Arabidopsis root development is 
classified into eight distinct stages and arises exclusively from pericycle cells (Malamy and.
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Figure 1.3: Developmental stages of lateral organs of Medicago truncatula. Both lateral root and nodule development require 
coordinated cellular division as recently outlined and categorized into six different stages (Herrbach et al., 2014; Xiao et al., 2014). 
The initiation for both organs starts with anticlinal division of the pericycle cells in Stage Ia for lateral roots and Stage I for nodules.  
Subsequent anticlinal division for lateral root formation occurs at the endodermal cell layer (Stage Ia) while for nodule formation, the 
inner cortical cells divide (Stage II).  In Stage II of lateral root formation, the pericycle cells start to divide periclinally while for 
nodule formation, periclinal division only starts at Stage III with the periclinal division of the inner cortical cells.  By Stage III of 
lateral root formation, both the pericycle and the endodermal cells divide periclinally with the inner cortical cells starting to divide 
anticlinally.  Stage IV of lateral root and nodule formation involves the anticlinal division of the future outer layer of the organ which 
at this stage are the inner cortical cells and the outer cortical cells of the developing lateral roots and nodules, respectively.  The 
primordia for both organs are established by Stage V.  For lateral roots, the outer cortical cells divide periclinally and there is 
continuous periclinal and anticlinal division by the inner cell layers. However, for nodules, the inner cortical cells stop dividing and 
instead start enlarging to accommodate infection threads while the outer cortical cells start establishing the meristem for the nodule.  
By Stage VI, the nodule meristem starts functioning by producing more cells for the developing nodule while Stage VI for lateral root 
consists of a mass of cells which become the outer cortical cells, ready to emerge as young lateral root.  (Images were traced from 
Herrbach et al., 2014; Xiao et al., 2014; cell walls laid down in each developmental stage are indicated in red) 
11 
 
Benfey, 1997) which are distinct to the lateral root formation in M. truncatula as summarized 
below. The development of M. truncatula lateral roots has been recently surveyed and classified 
into seven stages which have different anatomical characteristics to Arabidopsis (Figure 1.3) 
(Herrbach et al., 2014). Notably, the pericycle, endodermal and cortical cells participate in lateral 
root organogenesis in M. truncatula compared to the sole involvement of the pericycle cells in 
Arabidopsis. The Stage I in M. truncatula consists of Stage Ia which involves two to three 
pericycle cells undergoing anticlinal division while Stage Ib involves the anticlinal division of 
the endodermal cells. In Stage II, the pericycle cells divide periclinally producing two layers 
while the endodermal cells continue to divide anticlinally. Subsequently in Stage III, the 
endodermal cells divide periclinally to form two layers while the pericycle cells undergo another 
periclinal division to form four-layer of cells. During this stage, the inner cortical cells 
(equivalent to C5 layer in nodule development; see below) start to divide anticlinally with 
pericycle and endodermal cells. This anticlinal division of pericycle, endodermal and inner 
cortical cell layers continually to divide in Stage IV. The cells surrounding the primordium also 
start to separate to give space for subsequent lateral root emergence. This stage is also 
characterized by a visible bulge at the lateral root initiation site and the first initiation of new 
lateral root vasculature. In Stage V, the primordium increases in size from continual division of 
the cells with apparent periclinal division of the inner cortical cells. Stage VI consists of a dome 
shape of compact cell mass progressing through the upper cortical cell layers and the epidermal 
cells. The emerged young lateral root finally assumes its conical shape with proper central 
vasculature. 
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The progression of M. truncatula nodule development has also been characterized into six stages 
(Figure 1.3) (Xiao et al., 2014). In Stage I, the pericycle cells divide anticlinally followed by 
Stage II with anticlinal division of in two layers of inner cortical cells (C5: 5th layer of cortical 
cells with the closest layer to epidermal layer as C1, and C4: 4th layer of cortical cells from the 
epidermal layer). Subsequently in Stage III, the anticlinal division progresses to C3 (3rd layer of 
cortical cells from the epidermal layer) and endodermal cell layer with periclinal division at C5 
and C4. Both C4 and C5 continue dividing and C3 undergoes periclinal division in Stage IV. By 
Stage V, three zones are established: (1) the future meristem, which is derived from C3, forms 
multiple cell layers, (2) the infection zone consisting of C5 and C4 forms eight cell layers which 
cease to be mitotically active, increase in size and begin to accommodate infection threads, and 
(3) the primordium which consists of pericycle and endodermal cells which form six to eight cell 
layers. By Stage VI, the nodule primordium becomes a nodule with meristematic cells from C3 
forming more cells for the nodule and vascular tissues start to form at the periphery. It is 
interesting to note that in nodule development, the endodermal cells will only divide during 
Stage II after the initial division of the cortical cell layers whereas in lateral root development, 
endodermal cells start to divide during Stage II, prior to cortical cell division (refer to Figure 
1.3). During the progression of nodule development, several phytohormones are known to play 
an important role in primordia initiation and cellular division for nodule formation.  
 
The regulation of lateral organ development from initiation to emergence requires tight control 
by phytohormones which are modulated by the environmental cues such as nitrogen availability. 
These regulations include the auxin- and ethylene-mediated pathways, the two major hormones 
that are explored in this thesis in relation to the activity of CEP peptides.  
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1.2.3.3 Lateral root development is regulated by nitrogen availability 
1.2.3.3.1 Nitrate-mediated regulation of lateral root development 
Plant roots are very plastic in their response to nitrogen availability, in particular, nitrate 
availability as this nutrient varies in concentration and is not readily retained by soil particles due 
to repulsive ionic interactions.  Therefore, nitrate is readily leached from the soil (Lynch, 2013). 
In order to unravel the plants response to N availability many studies have been done in 
homogenous regimes. From these studies, homogeneously-distributed high nitrate leads to 
reduced lateral root formation while homogenous low nitrate, induces more lateral roots to form 
(Hodge, 2006; Robinson et al., 1999; Walch-Liu et al., 2006; Zhang et al., 1999). However if low 
N conditions persist, LR formation is not sustained (Gruber et al., 2013; Sánchez-Calderón et al., 
2013). It has been shown that plants regulate their root plasticity accordingly through both local 
and systemic pathways (Ruffel et al., 2011) which is summarized below.  
 
1.2.3.3.2 Systemic regulation of lateral roots 
In the systemic pathway, root architecture is dictated by the plant’s overall N-status (Robinson et 
al., 1999; Zhang and Forde, 1998). Homogeneous high nitrate (e.g. ≥ 10 mM) imparts systemic 
inhibition of lateral and primary root growth (Figure 1) whereas homogeneous low nitrate (e.g. ≤ 
1mM) promotes primary and lateral root growth (Robinson et al., 1999; Ruffel et al., 2011; 
Walch-Liu et al., 2006; Zhang et al., 1999). Coordinated systemic and local regulation is 
observed in split-root experiments where the root system is split into two, with each side exposed 
to different treatments. In M. truncatula, the split-root experiment exposed to low and high N-
level on each side respectively shows more lateral roots form on the side exposed to high nitrate 
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(Ruffel et al., 2011). The root foraging mechanism exploits the high N-patches and minimal 
investment is made by the plant to the N-limited roots (Robinson et al., 1999: Ruffel et al., 
2011). High nitrogen in the shoot is hypothesized to reduce auxin shoot-to-root transport, hence 
it inhibits lateral root formation (Forde, 2002; Walch-Liu et al., 2006). In M. truncatula, this 
nitrogen-mediated shoot-to-root auxin transport which regulates lateral root development 
requires the SUNN pathway (SUNN or super numeric nodules encodes a leucine-rich receptor-
like kinase) (Jin et al., 2012). Interestingly, the SUNN pathway is attributed to the systemic 
autoregulation of nodulation and will be further explained in Section 1.2.3.2.  
 
1.2.3.3.3 Local regulation of lateral roots 
Local control is exemplified by the stimulation of lateral root elongation by high N-patches in 
the soil (Robinson et al., 1999). In a heterogenous nitrate environment, local regulation of lateral 
roots provides the plasticity to exploit the nitrate-rich patches. The oscillating gene mechanism in 
Arabidopsis which gives rise to pre-branch sites only provides the sites for potential lateral root 
initiation but does not control whether these pre-branch sites will be permitted to form emerged 
LR. Further developmental cues are needed to stimulate the lateral root emergence and 
elongation. One such cue is nitrogen availability as shown by the stimulation of lateral root 
elongation towards nitrate rich patches. In Arabidopsis, this regulation is mediated by NRT1.1 
which provides the sensory mechanism which subsequently relays the signal with an auxin-
modulated output. NRT1.1 has a dual transport activity of both auxin and nitrate which in turn 
regulates lateral root development according to nitrate availability (Krouk et al., 2010; Mounier 
et al., 2013). This dynamic regulation mediated by NRT1.1 is essential for modulating the 
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preferential lateral root formation in high nitrate patches of heterogenous nitrate (Mounier et al., 
2013). 
 
1.2.3.4 Nitrogen limitation is a prerequisite for nodulation 
Nodules share similarities to lateral roots and have been hypothesized to be modified lateral roots 
(Hirsch et al., 1997; Mathesius, 2008; Nutman, 1948). In 1948, Nutman proposed the possible 
hijacking of the innate root developmental pathway by rhizobia to form nodules. These organs 
are similar in that nitrogen limitation promotes organ initiation and auxin is required during 
initiation of the organs. Although the symbiotic relationship between rhizobia and leguminous 
plants for nodulation had been proposed to arise from mycorrhizal fungi symbiosis (Sprent and 
James, 2007), the structural component for nodule initiation may share common developmental 
programs with lateral root (Hirsch et al., 1997; Mathesius, 2008).  
 
1.2.3.4.1 Auxin regulation of nodulation 
Apart from lateral roots, nodules also require auxin accumulation at the initiation sites (Figure 
1.4). An auxin response is known to increase in the root within 24 hours post inoculation in bean 
and M. truncatula (Campanella et al., 2008; Fedorova et al., 2000). Using the auxin reporter 
constructs containing GH3 or DR5 sequence, the high auxin response detected within 24 hours 
post-inoculation is shown to be located at the infection site (Huo et al., 2006; Mathesius, 2008; 
Suzaki et al., 2013; van Noorden et al., 2006). Recently, new reporter lines of GH3.1, ARF16a, 
and SAUR1 showed expression in infected cells suggesting that auxin signaling is tightly 
regulated during the infection stage (Breakspear et al., 2014). For the indeterminate nodules of 
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Figure 1.4: Auxin response in the root during lateral organ development. (A-C) Lateral root development in M. truncatula indicates high 
auxin response at lateral root initiation site as indicated by the auxin-responsive promoter construct, DR5:GUS. In Stage I, the initial auxin 
maximum can be observed at the xylem-pole pericycle cells as indicated by the arrows in (A). Eventually in Stage III, the high auxin response is 
retained by the pericycle (p), endodermal (e) and inner cortical (ic) cells in the developing lateral root primordium (B). As the lateral root 
develops into Stage VI, the auxin response is primarily present at the apex of the lateral root primordium which will form the future meristem as 
indicated by the arrow (C). (D-F) Auxin is also associated with nodule development as shown by the auxin responsive promoter construct, 
GH3:GUS in white clover. Once the root is inoculated by rhizobia, high auxin response accumulates in the root at the site of inoculation prior to 
Stage I (D). During nodule initiation in Stage II, the dividing inner cortical cells retained the high auxin response (E). Once the nodule 
primordium is formed in Stage V, the auxin response remained at the peripheral of the primordium in a bifurcated pattern as indicated by the two 
arrows (F). (Scale bars for A, B, C, and F: 100 µm; D: 12 µm; E: 40 µm)  
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white clover and M. truncatula, the high auxin response represented by GH3:GUS expression is 
subsequently retained at the pericycle and cortical cells during the initial division of nodule 
initiation (Mathesius et al., 1998; van Noorden et al., 2006). Once the nodule primordium has 
initiated, the GH3:GUS expression is located at the side and base of the primordium (Mathesius 
et al., 1998). This accumulation of auxin is postulated to be mediated by transport inhibition of 
the PIN protein at the zone of susceptibility upon rhizobia inoculation (Prayitno et al., 2006). 
During nodule development, cytokinin response is highly regulated and in the presence of high 
cytokinin, the cells at the initiation sites will begin to divide to form functional nodules (Murray 
et al., 2007; Tirichine et al., 2007; Suzaki et al., 2013; van Zeijil et al., 2015). 
 
1.2.3.4.2 Systemic regulation of nodulation 
Nodules are de novo organ root structures for fixing nitrogen through symbiosis with rhizobia. 
As maintaining nodules require a lot of energy, systemic regulation is essential for optimizing 
growth especially during nitrogen limitation. Once the roots start nodulating, the systemic 
autoregulation will suppress further nodulation on the younger region of the root. In M. 
truncatula, autoregulation is mediated by SUNN, a leucine-rich repeat receptor-like kinase 
(LRR-RLK). This is through the production of a Q signal from the first inoculation which travels 
to the shoots for signal perception. Recently, the Q signal has been identified as a regulatory 
peptide from the CLE peptide family (refer to Section 1.4.1) (Okamoto et al., 2013). 
Subsequently after the perception of the CLE peptide by SUNN, the shoots produce a shoot-
derived inhibitor (SDI) which suppresses subsequent nodule formation. From the recent studies 
with L. japonicus, the SDI is hypothesized to be cytokinin (Sasaki et al., 2014). Using split-root 
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experiments, it was found that local and systemic control of nodulation dynamically regulates 
nodule number (Ruffel et al., 2008).  
 
1.2.3.4.3 Local control of nodulation 
For local control of nodulation, ethylene is known to provide the spatial regulation during nodule 
initiation. This will be discussed further in Section 1.3. A radial localization of ACC oxidase 
occurs in the inner cortical cells adjacent to the phloem poles. This leads to preferential nodule 
initiation opposite the xylem poles instead of the phloem poles. However, in the ethylene 
insensitive M. truncatula mutant, sickle (MtEIN2), nodules lose the preferential ability to form 
adjacent to the xylem poles. This locally-mediated control of nodule formation via MtEIN2 was 
shown to be independent of the autoregulation pathway mediated by SUNN. A SUNN /SKL 
double mutant showed additive phenotypes with supernumeric nodules (characteristic of SUNN 
mutant) and fused nodules (characteristic of SKL mutant). Fused nodules are defined as not 
having a distinct nodule foci and this leads to a high number of nodules initiating in close 
proximity to each other and the spatial restriction for nodule initiation near xylem poles is lost 
(Penmetsa et al., 1997). Despite having increased nodule number, the nodules on SUNN mutant 
retain their ability to form opposite the xylem poles. Additionally, local high nitrate is known to 
be a strong inhibitor of nodulation and as ethylene synthesis is directly correlated with nitrate 
levels (Ligero et al., 1986; Ligero et al., 1987; Caba et al., 1998), elevated ethylene could be 
involved in nitrate-mediated regulation of nodule formation. 
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1.3 Ethylene regulation of plant root development 
1.3.1 Ethylene synthesis and signalling pathways 
Ethylene is a small, gaseous hormone synthesized through a two-step, rate-limiting, enzymatic 
process. The ethylene biosynthetic pathway (Figure 1.5A) starts with the amino acid, methionine 
which is converted to S-adenosyl-methionine (SAM) via the SAM synthetase enzyme. This step 
is a part of the Yang Cycle (Yang and Hoffman, 1984). Subsequently SAM is converted to 1-
aminocyclopropane-1-carboxylic-acid (ACC) by a rate-limiting enzyme called ACC synthase 
(ACS) (Wang et al., 2002). ACC is then oxidized by another rate-limiting enzyme called ACC 
oxidase (ACO) to form ethylene with CO2 and HCN as the by-products of the reaction (Wang et 
al., 2002).  
 
For signal transduction (Figure 1.5B), the ethylene molecule easily diffuses into the cell and is 
first detected by the ethylene receptors located in the endoplasmic reticulum (ER) membrane. 
Five ethylene receptors from two subfamilies have been characterized in Arabidopsis (Chang et 
al., 1993; Hua et al., 1995; Hua et al., 1998; Sakai et al., 1998).The subfamily 1 includes ETR1 
and ERS1 which have a conserved His kinase domain while the subfamily 2 consisting of ETR2, 
ERS2 and EIN4 have diverged His kinase domains and an extra putative transmembrane domain 
which may act as signal sequence (Merchante et al., 2013; Schaller et al., 2011). Additionally, 
the intercellular receiver domain is present in ETR1, ETR2 and EIN4 while ERS1 and ERS2 
lacks this domain. The His kinase domain is essential for the signal transduction while the 
receiver domain is likely to be involved in signal output mechanism. Copper acts as a cofactor 
for these receptors and is delivered by a copper transporter. In the absence of ethylene, these
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Figure1.5: Ethylene synthesis and signaling pathway in plants. (A) Ethylene is synthesized from S-adenosylmethionine which is converted 
by ACC synthase to ACC which is then subsequently converted to ethylene by ACC oxidase.  The two-carbon skeleton for the final ethylene 
molecule is indicated by blue stars [Image is adapted from Wang et al. (2002)]. In Arabidopsis, five ethylene receptors, located on the ER, have 
been identified and classified into two subfamilies (ERS1 and ETR1 in Subfamily I and ETR2, ERS2, EIN4 in Subfamily II) with ETR1 as the 
predominant receptor for mediating ethylene signaling.  In the absence of ethylene, ETR1 represses the ethylene signaling pathway by activating 
the CTR1 protein kinase (B). This interaction allows the phosphorylation of the C-terminus of EIN2 protein which in turn leads to the 
degradation of EIN3/EIL1 transcription factors by the ubiquitin ligase SCFEBF1/2.  In the presence of ethylene, ethylene perception by ETR1 
changes the conformation of CTR1 and thus prevents the phosphorylation of the C-terminus of EIN2.  The unphosphorylated C-terminus is then 
cleaved and transported into the nucleus to induce the proteosomal degradation of EBF1/2.  Hence, this mediates the stabilization of EIN3/EIL1 
which regulates the transcription of ethylene response genes. 
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receptors act as negative regulators by activating a Ser/Thr kinase protein, CTR1 which 
constitutively represses the ethylene signaling pathway. Activated CTR1 which forms 
homodimers at the ER membrane mediates the repression by phosphorylating the C-terminus of 
the EIN2 protein (Ju et al., 2012). EIN2 is a critical component of the ethylene signal 
transduction and is also involved in feedback mechanism with the ethylene synthesis pathway 
(Vandenbussche et al., 2012). 
 
Much has been learnt about ethylene signaling through studies on EIN2.  Without further signals 
from EIN2, the downstream components of the ethylene signaling pathway in the nucleus, the 
EIN3/EIL1 transcription factor, undergoes ubiquitin-proteosomal degradation by SCFEBF1/2 
thus preventing any transcription of ethylene response genes (Gagne et al., 2004; Guo and Ecker, 
2003). In the presence of ethylene, perception by the ethylene receptors will lead to a 
conformational change in CTR1 which prevents EIN2 phosphorylation. This relieves EIN2 
repression which leads to the C-terminal cleavage of EIN2 thus inducing a subsequent signaling 
cascade (Ji and Guo, 2013; Wen et al., 2012). The cleaved C-terminus of EIN2 is then 
translocated into the nucleus leading to stabilization of EIN3/EIL1 and proteosomal degradation 
of EBF1/2. EIN3/EIL1 are short-lived proteins and act as dimers that regulate the transcription of 
ethylene responsive genes (Solano et al, 1998). Among these are genes which encode for 
ethylene response factors (ERFs) such as ERF1 which also function as a transcription factor to 
regulate further downstream genes. These ERF proteins belong to the ETHYLENE 
RESPONSIVE ELEMENT BINDING PROTEIN/APETALA2 family, however only 10% of 
these proteins are known to be transcriptionally regulated by ethylene (Nakano et al., 2006). 
Several ERFs such as EFD, ERN1 and ERN2 have been characterized in M. truncatula to be 
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involved in nodulation but were not shown to be directly regulated by ethylene (Andriankaja et 
al., 2007; Middleton et al., 2007; Vernié et al., 2008).  
 
The ethylene signaling pathway is constructed from the studies carried out in Arabidopsis and 
much less is known about ethylene in M. truncatula. In M. truncatula, an EIN2 mutant, sickle is 
insensitive to ethylene and shows increased primary root growth and hypernodulation phenotype. 
However, regarding the nodulation pathway, the ethylene signaling has yet to be integrated into 
the canonical Nod factor pathway. Therefore, in this section, the ethylene regulation in legume 
roots will be discussed from the nitrate-mediated modulation of the pathway which translates 
into changes in lateral organ development. 
 
1.3.2 Nitrate-mediated ethylene regulation in the roots 
Several environmental factors have been recognized to modulate ethylene level in roots which 
consequently regulates root architecture. High ethylene levels inhibit nodule and lateral root 
formation while low ethylene increases lateral roots and promotes nodulation (Lee and LaRue, 
1992; Nukui et al., 2000; Oldroyd et al., 2001; Peters and Crist-Estes, 1989). Among the factors 
which enhance root ethylene production is high nitrate levels. In Arabidopsis, the ethylene 
reporter EBS:GUS, which is constructed from EIN3-responsive promoter, showed increased 
expression in roots grown in high nitrate compared to low nitrate (Tian et al., 2009). From the 
expression pattern, it is likely that a high ethylene level contributes to lateral root inhibition 
during high nitrate conditions (Tian et al., 2009). A similar observation relating to ethylene 
production was also found on legumes such as Medicago sativa (Caba et al., 1998). Thus as 
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ethylene levels directly correlate nitrate availability, ethylene could also mediate nitrate-
regulated nodule development. However, the ethylene insensitive sickle mutant of M. truncatula 
still retains high nitrate repression for nodulation (Schnabel et al., 2010) suggesting possibly a 
complex crosstalk between ethylene signaling and nitrate-mediated nodule formation. 
 
1.3.3 Ethylene mediates cellular regulation of primary root development according to 
environmental cues 
Ethylene regulates the cellular responses near the root tip to mediate the root development in 
response to external cues. Although ethylene is a small, diffusible phytohormone, the biological 
activity of ethylene is very specific to the different zones of the root. This is most likely due to 
differential ethylene perception which is dependent on the cellular state of the developmental 
zone. In the root apical meristem, the maintenance of the quiescent centre is mediated by 
ethylene and is regulated independently of auxin (Ortega-Martínez et al., 2007). However, the 
ethylene perception of cells exiting the elongation zone is dependent upon the auxin sensitivity 
of the cells prior to the exit (Růžička et al., 2007; Stepanova et al., 2007). An auxin-dependent 
ethylene regulation is demonstrated by the auxin sensitivity in ethylene mutants and ethylene 
insensitivity in the auxin insensitive mutant (Růžička et al., 2007). The elongation zone is 
responsible for the primary root growth response to the environment which either changes the 
growth trajectory or inhibits the primary root growth. Both of this growth regulation involves a 
role for ethylene in the elongation zone which affects cellular elongation and modulates auxin 
pathways (Růžička et al., 2007; Stepanova et al., 2007).  
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Figure 1.6: Ethylene regulation of lateral organ development in legume roots with 
indeterminate nodules. High ethylene levels differentially inhibit lateral roots depending on 
their developmental stage.  However, low ethylene level levels promote the emergence of lateral 
root primordia.  In nodule development, high ethylene levels at phloem poles also inhibit nodule 
formation.  This negative regulation by ethylene provides positional information for nodule 
initiation opposite the xylem poles.  High ethylene levels inhibit early nodulation responses 
including calcium spiking and infection thread formation.  Nevertheless, functional ethylene 
signaling is essential for nodule meristem maintenance for indeterminate nodule development 
(Xiao et al., 2014). 
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1.3.4 Ethylene regulates different stages of lateral root development dynamically 
In Arabidopsis, a high ethylene concentration (>1µM) inhibits lateral root formation (Figure 1.6). 
This inhibition is mediated by ethylene regulation of the PIN3 and PIN7 localization and 
ethylene inhibition of cell growth at the elongation zone. In wild-type roots, PIN3 and PIN7 are 
responsible for a rootward auxin transport to the root tip. At the site of lateral root initiations, 
local depletion of PIN3 and PIN7 transporters is postulated to increase auxin levels at the site, 
thus forming the auxin maxima for further progression of lateral root development (Lewis et al., 
2011). However, this localized depletion of PIN3 and PIN7 is abolished in the presence of 
increased ACC and instead more PIN3 and PIN7 are present in the vascular tissue of the primary 
root. This is thought to lead to an increased auxin flow to the root tip which prevents an auxin 
maximum to occur for lateral root initiation thus reducing lateral root number (Lewis et al., 
2011; Negi et al., 2008). Additionally, ethylene inhibition of cell growth at the elongation zone 
leads to shorter pericycle cells (Ivanchenko et al., 2008). As the xylem-pole pericycle cells which 
are required for lateral root primordia formation were shown to be longer than other pericycle 
cells, the shorter xylem pole pericycle cells may affect the cells ability to undergo the 
asymmetric cell division for the lateral root initiation. 
 
Interestingly, in the presence of exogenous low ACC concentrations (<0.04 µM), results in a 
stimulation of lateral root primordium formation and lateral root elongation. During lateral root 
primordium formation, low levels of exogenous ACC promotes cell enlargement which produces 
a shorter cell with increased width in the direction perpendicular to the primary root. This in turn 
leads to increased cell division of the primordia laterally to the primary root axis thus promoting 
lateral root primordium initiation (Ivanchenko et al., 2008). For lateral root primordia in the 
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differentiation zone that had formed prior to the increased ethylene synthesis (from the 
exogenous application of ACC), ethylene stimulates the emergence of these initiated primordia 
by stimulating the cell division for lateral root progression (Ivanchenko et al., 2008). This leads 
to more emerged lateral root in the differentiation zone. 
 
1.3.5 Ethylene mediates cellular susceptibility during nodulation 
High ethylene has been long known to inhibit nodulation (Figure 1.6). However, the exact 
mechanism of ethylene modulation in the canonical Nod factor pathway has not yet been clearly 
elucidated. Previous studies showed ACC at 10uM inhibits the initial spikes of calcium level 
which is among the early cellular response for nodule initiation (Oldroyd et al., 2001). This 
proposed ACC-dependent increase in ethylene-mediated response might also contribute to the 
cellular susceptibility of the root during nodulation. Lowering ethylene promotes nodulation and 
this strategy has been adapted by several rhizobia to enable more successful nodulation. As 
ethylene is also elevated during rhizobia inoculation, most likely as a defense response, some 
rhizobia produce rhizobitoxine which inhibits ethylene synthesis in the root (Ma et al., 2002). 
Certain rhizobia also produce ACC-deaminase, an enzyme which breakdowns the ethylene 
precursor, ACC (Ma et al., 2002). These ethylene-dependent effects seem to be more prominent 
in indeterminate nodule development compared to determinate nodule development. 
 
Ethylene inhibition of nodulation has been recorded for legumes forming indeterminate nodules, 
for example; Medicago truncatula, Medicago sativa, Pisum sativum (peas) and Trifolium repens. 
Although some determinate nodule forming plants are less sensitive to ethylene during 
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nodulation (e.g soybean; Schmidt et al., 1999), several legumes with determinate nodules such as 
Lotus japonicus and siratro also showed ethylene sensitivity by increasing nodulation in low 
ethylene and reduced nodulation in high ethylene (Nukui et al., 2000). This suggests that the 
determinate nodules could have different regulation of ethylene signaling compared to that 
induced during indeterminate nodulation. The ethylene insensitive mutant of Lotus japonicus, 
enigma showed no hypernodulation phenotype unlike the ethylene insensitive mutant of M. 
truncatula, sickle (Chan et al., 2013; Penmetsa et al., 1997). This is explained by the presence of 
two EIN2 copies in L. japonicus compared to one copy in M. truncatula (Desbrosses and 
Stougaard, 2011). EIN2 is a central regulator in the ethylene pathway, thus having more than one 
copy of this gene suggests differential regulation of ethylene-mediated regulation for determinate 
nodules. The persistent meristem in indeterminate nodules throughout nodule growth and 
development could also be regulated by ethylene whereas in determinate nodules, the meristem 
is only present during nodule initiation (Den Herder and Parniske, 2009). Thus, ethylene could 
be involved in cellular regulation during nodulation. 
 
The root susceptibility to nodulation may be mediated by ethylene through cellular regulation 
which includes cell division, microtubule reorientation and radial cellular expansion. The 
importance of proper ethylene signaling was observed in the nodulation phenotype of the sickle 
mutant of M. truncatula. As sickle has a mutation at the EIN2 gene, it is ethylene insensitive. The 
nodules on the sickle root were observed to be fused (Penmetsa et al., 1997). This leads to 
several nodules forming within a proliferation of nodule mass and also nodules forming adjacent 
to xylem and phloem poles whereas normally nodules occur predominantly adjacent to xylem 
poles. Recently, close observation of the fused nodules formed on sickle showed a lack of a 
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proper meristem in most of the nodules (Xiao et al., 2014). More infection threads were also 
observed on sickle which may contribute to the hyper proliferation of nodules along the root. The 
formation of infection thread, which is responsible for channeling the rhizobia into the dividing 
root cells for symbiosome formation, is shown to be dependent on proper microtubule orientation 
(Timmers et al., 1999; Timmers et al., 2007). As ethylene regulates microtubule rearrangements 
(Roberts et al., 1985), it is not surprising that high ethylene level could inhibit infection thread 
progression while a low level or ethylene insensitivity increases successful infection thread 
formation. As explained in 1.2.3.3, nodules on sickle also displayed loss of spatial preference for 
forming opposite the xylem-pole. This suggests that lack of proper ethylene signaling made the 
cells more amenable to infection thread formation or nodule differentiation. However, the 
negative effect on meristem formation in sickle suggests that functional ethylene signaling is 
essential for meristem maintenance in indeterminate nodules. Therefore ethylene may have 
negative as well as positive roles in nodule formation. 
 
Studies on the aquatic legume, Sesbania rostrata, which forms both indeterminate and 
determinate nodules, indicate the differential effects of ethylene in the regulation of the two 
different nodules types. Indeterminate nodules of this legume preferentially form in low ethylene 
while high ethylene promotes determinate nodule formation (Fernández-López et al., 1998). 
Sesbania also employs a different strategy for rhizobial infection through crack entry invasion in 
the root which does not require infection thread formation. For this lateral root base nodulation in 
Sesbania, ethylene is required for nodule initiation in the mid-inner cortex of the root (D'Haeze 
et al., 2003). This suggests that ethylene plays a role in cellular division and cell enlargement 
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during the lateral root base nodulation of Sesbania. Therefore, these different nodulation 
strategies reflect the complexity of ethylene-mediated regulation of nodulation. 
 
Therefore in summary, ethylene levels in the root lead to a controlled number of infection 
threads and a basal level of calcium spiking.  The infection threads that form penetrate into a 
restricted area of the root near xylem poles leading to xylem pole oriented nodule formation.  
When ethylene is lowered, an enhanced number of infection threads occur and this 
hyperinfection leads to higher numbers of nodules forming including fused nodules.  
 
1.4 Signalling peptide regulation of root development 
1.4.1 Signalling peptides as important regulators of root architecture 
In recent years, small endogenous peptides have emerged to be important signalling mediators in 
plant development. These peptides are involved in signal transduction pathways that regulate cell 
division and/or differentiation at the site-of-action. Most of the known plant regulatory peptides 
act non-cell autonomously (Figure 1.7). The non-cell autonomous regulation requires a specific 
group of cells to produce the mature, biologically active regulatory peptide. Most of plant 
regulatory peptides are secreted into the apoplast owing to the presence of a signal peptide 
sequence at the N-terminus end of the precursor propeptide (pre-propeptides) which directs the 
peptide to the ER secretion pathway. These propeptides are processed from one or more 
conserved peptide domains and subsequently post-translationally modified to form the mature 
bioactive peptides which are secreted to the apoplast.  These peptides will then bind to specific 
cells expressing the peptide receptor to mediate the cellular responses accordingly. The peptide
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Figure 1.7: Schematic representation of small, secreted regulatory peptide mode-of-action. 
Before the translation of the peptide, a specific signal stimulates the transcription of the peptide-
encoding gene. In some cases of CLE and CEP peptides, the signal could be an environmental 
signal such as low nitrogen (Araya et al., 2014; Delay et al., 2013). ①The plant peptide-
encoding genes are first translated into a prepropeptide with a secretion signal sequence at the N-
terminus and conserved domain(s) near the C-terminus end. ②The prepropeptide is then 
processed into a propeptide in the ER/Golgi secretion pathway in which the conserved domain 
will be further processed to form the mature peptides. ③The fully processed mature peptides 
with their post-translational modifications are subsequently secreted into the apoplast. ④These 
peptides then bind to their respective receptor(s) to induce the signaling transduction pathway. 
⑤This interaction then modulates proper development regulations of the respective organ or 
tissue accordingly. In many cases the target cell are in the vicinity of the cell producing the 
signaling peptide. However in some cases, signalling peptides are known to travel long distances 
(e.g. from root to shoot) to interact with target cells. 
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receptors that have been identified are mostly from the LRR-RLK family and therefore located in 
the plasma membrane. Generally, the small signaling peptides in plants constitute several 
characteristics as outlined by Matsubayashi (2014): (1) the mature peptide is less than 20-amino 
acid long; (2) the precursor propeptide consists of signal peptide sequence for ER-mediated 
secretion; (3) the biologically active peptide is post-translational modified. There are two 
additional classes of peptides: cysteine-rich peptides which are generally longer than 20-amino 
acid long and produce stable secondary structures from disulfide bridges between the cysteine 
residues, and non-classical short open reading-frame (sORF) peptides which are encoded by 
highly conserved sORF and do not encode for the N-terminus secretion signal (Crappé et al., 
2014; Matsubayashi, 2014). The proline-rich peptides, which consist of the peptide-of-interest to 
this thesis, CEP (C-terminally encoded peptide), are mostly post-translationally modified for 
their overall stability and/or binding properties (Crappé et al., 2014; Matsubayashi, 2014). A 
summary of the proline-rich peptides known for regulating root development is listed in Table 1. 
 
Amongst the peptide families listed in Table 1, three families are known to play major roles in 
root development which are CLE (CLAVATA3/EMBRYO SURROUNDING REGION), RGF 
(ROOT GROWTH FACTOR)/GLV (GOLVEN)/CLEL (CLE-like), and CEP peptide families. 
The RGF peptides (also known as GLV and CLEL peptides) regulate the meristem maintenance 
of the root apical meristem independently of the auxin pathway (Matsuzaki et al., 2010). 
Additionally, several RGFs regulate auxin-independent lateral root development (Meng et al., 
2012), root gravitropism response (Fernandez et al., 2013) and root hair formation (Whitford et 
al., 2012).  
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Apart from RGF, CLE peptides are also involved in root development.  For example, CLE40 in 
Arabidopsis regulates the cellular differentiation at the root apical meristem (Stahl et al., 2009). 
In legumes, nodule-specific CLE peptides mediate the autoregulation of nodulation by inhibiting 
subsequent nodules forming after the formation of initial nodules on the root (Saur et al., 
2011;Mortier et al., 2012; Reid et al., 2011; Reid et al., 2013; Okamoto et al., 2009; Okamoto et 
al., 2013). Recently, the LjCLE-RS2 (Lotus japonicus CLE-Root Signal 2) peptide in L. 
japonicus has been isolated and determined to travel to the shoot to mediate the autoregulation of 
nodulation response. LjCLE-RS2 is also up-regulated by nitrate and is hypothesized to integrate 
nitrate inhibition of nodulation via the HAR1-dependent autoregulation of nodulation pathway 
(Okamoto et al., 2009). Nodule inhibition by these nitrate-regulated CLEs suggests possible 
crosstalk between autoregulation and nitrate-regulation of nodulation. Apart from the nodulation-
associated CLE peptides, several CLEs were shown to be involved in nitrogen regulation of root 
architecture in Arabidopsis. Recent studies have shown four CLE peptide-encoding genes, 
CLE1, 3, 4 and 7 were upregulated in the roots when grown in nitrogen-limited conditions 
(Araya et al., 2014). These genes are expressed in the pericycle cells and their overexpression 
inhibits lateral root growth and emergence. The CLE3 transcript level is inversely correlated with 
the emergence of lateral roots. The CLE3 peptide binds to the CLV1 receptor to mediate its 
lateral root regulation as part of its nitrogen-limitation response. Thus this regulatory peptide 
provides the dynamic control for root development according to the nitrogen availability. 
 
Although the first identification of the peptide, CEP1 in Arabidopsis had indicated possible roles 
of CEP in root development, no environmental cue was integrated into the CEP-mediated 
pathway. Therefore, this project [described in Chapter 3 which has been published in Imin et al. 
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(2013)] together with Delay et al. (2013) have pioneered the study in connecting environmental 
regulation and CEP-mediated development. At the time of writing, recent studies on CEPs in 
Arabidopsis by Tabata et al. (2014) corroborated the initial findings with CEP regulation of 
nitrogen-mediated root development. They also showed that the CEP-mediated regulation is 
systemic in Arabidopsis. A summary of the recent findings on CEP peptides and their roles in 
regulating root development is further explained in subsection 1.5.4. 
 
1.4.2 Plant regulatory peptides in the model legume, M. truncatula 
Currently, several regulatory peptides have been identified in M. truncatula (Table 2). These 
include the small regulatory peptides (CEP and CLE), cysteine-rich peptides (DVL, RALF and 
NCRs), and non-classical sORF-encoded peptides (ENOD40). These peptides are involved in the 
regulation of nodule development. However, no endogenous peptide has been isolated and 
characterized in its mature form in M. truncatula. In Arabidopsis, the mature endogenous form of 
a regulatory peptide dictates biological activities in regulating plant development. Thus, it is 
essential to identify the final biological active form of putative signaling peptides in M. 
truncatula. In this thesis, the protocol for isolating plant regulatory peptide in Arabidopsis was 
modified and employed for the first successful identification of CEP regulatory peptides in M. 
truncatula (refer to Chapter 5). 
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1.4.3 Characterization of endogenous plant regulatory peptides 
The initial discoveries of plant regulatory peptides were made possible through either 
bioinformatic searches or bioassay guided purification techniques (Matsubayashi, 2014). 
However, the endogenous production of these peptides in vivo is in very low (around picomolar 
levels), thus the purification and isolation of these peptides is very challenging. Hence, for 
further identification of the peptides-of-interest, the peptides need to be produced in a high 
quantity to ensure a proper identification and characterization through mass spectrometry. In this 
thesis, an optimized peptide isolation protocol was coupled with sensitive mass spectrometry 
techniques to isolate small peptides as demonstrated in Chapter 5. 
 
1.4.3.1 Predicting peptide-encoding gene through bioinformatic search 
In silico approaches to discovering new plant regulatory peptides utilize the characteristic gene 
structures of the peptide-encoding gene (Matsubayashi, 2014). The gene structure of a secreted 
small plant regulatory peptide-encoding gene consists of a short open-reading frame encoding a 
pre-propeptide with a hydrophobic secretion signal peptide at the N-terminus (refer to Figure 
1.7). The secretion signal sequence on the pre-propeptide directs the peptide into the secretion 
pathway and liberates the propeptide which consists of a conserved domain of 5 to 18 amino-
acids, usually encoded near the C-terminus which is flanked by variable regions. Some 
propeptides consist of multiple domains and are likely to produce more than one peptide. 
Examples of these multidomain-encoded peptides have been found in the CLE and CEP peptide 
families (Oelkers et al., 2009; Ogilvie et al., 2014). As these peptides need to be in a structurally 
stable conformation, the peptide domains, which make up the mature peptides, are either 
cysteine-rich or proline-rich. The cysteine-rich peptides are usually stabilised through disulphide 
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bridges between the cysteine residues (Matsubayashi, 2014) while the proline residues are 
known to stabilise peptide structure due to their bulky side-chain (Bobay et al., 2013). Therefore, 
these structural characteristics of plant regulatory peptides and their gene structures provide 
important information for mining putative peptide-encoding genes in plant genomes. 
 
1.4.3.2 Peptide mass production to aid isolation and identification processes 
As most of these plant regulatory peptides are expressed in very low amount endogenously, a 
system for mass producing the peptides needs to be established to generate sufficient peptide 
amount prior to mass spectrometry (MS) analysis. The two major approaches for mass producing 
plant signalling peptides are (1) treating specific tissues or growing cell cultures to conditionally 
induce peptide production and (2) overexpressing the peptide-encoding gene (Table 3). For the 
first approach, mass production could be achieved through either cell cultures grown 
conditionally to produce the peptides or by wounding tissues to produce defense signal peptides. 
The cell culture approach has been used successfully to isolated phytosulfokine and tracheary 
element differentiation inhibitory factor (TDIF). These molecules were secreted into the liquid 
medium of cell cultures in sufficient quantities to be identified (Matsubayashi et al., 1999; Ito et 
al., 2006). Phytosulfokine was initially discovered as the biologically active compound in 
“conditioned medium” from high density cell culture which could stimulate low density cell 
culture to proliferate (Matsubayashi et al., 1999). Similarly the TDIF peptide was discovered in a 
Zinnia cell culture as the compound which induced the mesophyll cells to differentiate into 
tracheary elements (Ito et al., 2006). Specific plant tissues that could be treated to induce peptide 
production had been used for peptide isolation. An example of this approach is the identification 
of systemin and HypSys (hydroxyproline-rich systemin) in which solutions derived from 
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wounded leaves and stems were found to contain peptides responsible for the bioactivity (Pearce 
et al., 1999; Pearce et al., 2001). Slightly bigger peptides such as RALF were also isolated using 
the same approach (Pearce et al., 2001).  
 
Other peptides have been characterized through overexpression of the peptide-encoding gene in 
systems which amplify the production of the peptide-of-interest. One approach uses stably 
transformed plants over expressing the peptide gene which are submerged in liquid culture. As 
these signalling peptides are secreted apoplastically, the hyperhydritic leaves on the submerged 
plants are thought to facilitate the peptide secretion into the liquid culture (Ohyama et al., 2008) 
although under these conditions root-derived peptides could also be secreted into the medium. As 
this approach requires stably transformed plants, this method is only suitable to plants with high 
transformation rate within a short period of time, e.g. Arabidopsis. Examples of peptides that 
were discovered from using this method are CLV3, CLE2, CEP1, and RGF (Ohyama et al., 
2008; Ohyama et al., 2009; Matsuzaki et al., 2010). 
 
Another approach is to use transformed hairy roots induced by Agrobacterium rhizogenes to 
overexpress the peptides. The hairy roots can then be grown in liquid culture in which the 
peptides will be secreted into the liquid medium for subsequent peptide extraction. This method 
was utilized in the isolation of the LjCLE-RS2 from transgenic composite plants of Lotus 
japonicus and soybean (Okamato et al., 2013). As this peptide is expressed in the roots, 
transgenic hairy roots provide a more suitable approach for identifying endogenous root-derived 
peptides. Callus tissues could also be used for overexpressing the peptide-encoding gene as was 
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demonstrated with CLV3 peptide identification (Kondo et al., 2006). The callus approach 
utilized a tissue-based matrix for MALDI-TOF which is an established method in animal studies 
using tissue slices for detecting the in vivo compound. The overexpressing callus tissues can also 
be used for cell suspension culture for mass peptide production using the same approach as the 
cell culture. This approach was utilized to characterize the cysteine-rich peptides, stomagen and 
EPF2 by overexpressing the peptide-encoding gene in a BY-2 tobacco cells (Ohki et al., 2011). 
 
A tissue-based approach which requires isolation from plant tissues is more challenging and 
presents a more complex sample to work with. If however the peptide yield from the isolation 
process is low, the peptide-of-interest could be isolated from a culture of plant tissues or cells. 
However, the presence of high amount of metabolites and complex tissues from homogenized 
plant tissues might interfere with the separation and obscure the detection of the peptide-of-
interest. Therefore, as the matrix which contains the peptide is more complex, additional steps 
need to be taken to prevent peptide degradation and to remove as much high-molecular weight 
impurities to prevent unwanted signals masking the subsequent peptide detection. Additionally, 
due to their small size and low abundance, peptides need to be purified and concentrated to 
achieve high signal intensity for later characterization from the fragmentation pattern for MS/MS 
analysis. 
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1.4.3.3 Peptide extraction, purification, concentration and desalting from complex matrices 
Due to the challenging nature of peptide isolation from homogenized plant tissues, several 
protocols have utilized the supernatant of plant culture for peptide isolation. Notably, a phenol 
precipitation method using o-chlorophenol and acetone has successfully isolated several plant 
peptides (Ohyama et al., 2008). This o-chlorophenol/acetone precipitation selectively separates 
low molecular weight peptides as demonstrated by the isolation of CLV3, CEP1, CLE44, 
LjCLE-RS2 and RGF/CLEL/GLV peptides (Matsuzaki et al., 2010; Ohyama et al., 2008; 
Ohyama et al., 2009; Okamoto et al., 2013; Whitford et al., 2012). 
 
Several column-based approaches have been employed for purifying the peptides from the 
solvent matrix. For the o-chlorophenol/acetone precipitation-based protocol by Matsubayashi 
lab, the precipitated peptides were purified using FPLC (fast protein liquid chromatography) 
with size-exclusion columns (Ohyama et al., 2008). Others used preparative HPLC with a 
combination size-exclusion column and strong cation exchange column for purifying the small 
regulatory peptides (Chen et al., 2014). Another approach is through utilizing affinity column 
chromatography by tagging the peptide and running the sample through the column for detection. 
However, the setup for FPLC, preparative HPLC and affinity column chromatography results in 
the diluted peptide sample with potential loss of peptides during the purification run. Therefore, 
the starting material needs to have high amount of endogenous peptide to have enough sample 
for subsequent analysis. 
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In pharmaceutical and medical sciences, small biologically active peptides have been isolated 
from moderately complex biological matrix such as serum and blood (Aito-Inoue et al., 2006; 
Aristoteli et al., 2007) through a simpler setup than the approaches used for isolating plant 
peptides. By using gravity column or spin column with the same packing material (size exclusion 
or strong cation exchange), the final peptide sample is less diluted and thus produces a more 
concentrated sample with minimal peptide loss for analysis. Considering endogenous plant 
peptides occur in low amounts and are difficult to isolate, a procedure that leads to minimal loss 
of sample would greatly improve detection of the peptides during analysis. 
 
1.4.3.4 Importance of biological assay in validating peptide biological activity 
Activity guided bioassays are important during peptide identification to verify the presence of 
the peptide. This step is crucial especially for establishing a system for mass-producing peptides 
for subsequent isolation. The supernatant or fraction containing the peptide should be tested for 
its activity through a simple bioassay. For example, systemin and RALF were assayed for their 
alkalinisation activity in cell cultures (Pearce et al., 2001) while TDIF was assayed for its 
differentiation activity in Zinnia cell culture (Ito et al., 2006). Depending on the amount of 
peptides in the starting material, the peptide bioactivity could be followed through for each step 
of the isolation and purification process. An additional preparative HPLC step to narrow down 
the bioactive fraction could also be carried out by coupling the step with the biological assay 
(Pearce et al, 1991). However for the less abundant peptides, once identified through MS, the 
activity of the peptide could be verified using synthetic peptides (Ohyama et al., 2008; Ohyama 
et al., 2009; Okamoto et al., 2013; Matsuzaki et al., 2010). The degree of biological activities of 
the tested peptides could then be compared back to the activities observed for the starting 
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materials. Through peptide quantification of the peptide species present in the starting material, 
titration of the synthetic peptides species is important to account for the biological activities 
observed in the starting material.  
 
1.4.3.5 Structural properties of biological peptides are important for their activity 
One of the important structural properties for regulatory peptides is post-translational 
modifications which is important to exert optimal biological activity. When compared to the 
unmodified counterparts, the fully modified peptides are more active in exerting their biological 
activities at physiological concentrations (Matsuzaki et al., 2010; Ohyama et al., 2009). Among 
the most common post-translational modifications of proline-rich regulatory peptides is 
hydroxylation of the proline residues. This modification is achieved through hydroxylation of the 
proline-ring side-chain at position 4, forming 4-hydroxyproline. Hydroxyproline is found on the 
PSY1, HyPSys and several peptides in the CLE and CEP peptide families (Pearce et al., 2001; 
Amano et al., 2007; Kondo et al., 2006; Ohyama et al., 2008). Molecular analysis using NMR 
and molecular modelling of proline-rich peptides of CLEs and CEPs showed hydroxylation of 
proline residues is crucial for the structural conformation of the peptide (Bobay et al., 2013; 
Meng et al., 2011). For PSY1 and several CLE peptides, the hydroxyproline residues are further 
modified with a triarabinose moiety. This additional modification increases the bioactivity of the 
peptide (Ohyama et al., 2009) and may contribute to the stability of the peptide from peptidase 
degradation. Other peptides like RGF/GLV peptides require sulfation of the tyrosine residues for 
their full biological activities (Matsuzaki et al., 2010). Fully modified peptides could exert 
phenotypic changes at lower concentrations compared to their non-modified counterparts 
(Ohyama et al., 2009; Matsuzaki et al., 2010). Computational modeling of CLE peptides (Meng 
41 
 
et al., 2011) and structural analysis of CEPs (Bobay et al., 2013) had assisted with the elucidation 
of the structural conformation of these peptides. The peptides structures consist of two peptide 
strands flanked by a likely beta-turn which may contribute to “clamping” of the peptide to the 
binding motif of the receptor (Meng et al., 2011). The interaction between these two strands in 
physical space is shown to be partly mediated by post-translational modifications including 
hydroxylation (Bobay et al., 2013) and triarabinosylation (Shinohara and Matsubayashi, 2013). 
Therefore, the resultant structure of a regulatory peptide is important for its activity and likely 
contributes to the efficiency and specificity of a peptide binding to its receptor.  
 
The conserved residues on regulatory peptides are also important for their biological activities. 
Site-directed mutagenesis and synthetic peptide studies by substituting the residues with a simple 
amino acid such as alanine or sarcosine (N-methylglycine) provide information on the residue 
contribution to the biological activities of the peptide (Bobay et al., 2013; Kondo et al., 2011; 
Song et al., 2012; Song et al., 2013). This functional dissection of peptide residues also reveals 
the putative binding mechanism of the peptides (Bobay et al., 2013). Some of these 
modifications produced antagonistic effects which could be exploited for growth regulators 
(Song et al., 2013). Of particular importance is the residues which provide the conformational 
shape to the peptide backbone such as the central glycine for CEP and CLE peptides. As the 
central glycine is required to retain the kink for the peptide backbone, substitution of this residue 
will render the peptide less active or lead to complete loss of activity (Imin et al., 2013; Song et 
al., 2012). Hence, the arrangement of amino residues for the peptide backbone is important for 
their secondary structures which mediate their biological activities. 
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1.4.4 C-terminally encoded peptides 
The C-terminally encoded peptide (CEP) family is found in higher plants and is involved in plant 
developmental regulation. In Arabidopsis, there are 15 copies of CEPs while there are 13 copies 
in Medicago (Roberts et al., 2013; Delay et al., 2013; Imin et al., 2013; Ogilvie et al., 2014). The 
first characterization of CEP1 in Arabidopsis showed negative regulation of primary root growth 
and lateral root formation. This negative regulation of root development was also observed for 
several CEPs, notably CEP3 and CEP5 (Delay et al., 2013). The cep3 mutant is insensitive to 
most stress conditions including nitrogen limitation and drought. The mutant was observed to 
have better growth in shoot and root even when grown in stress conditions (Delay et al., 2013). 
Several CEPs in Arabidopsis were shown to be upregulated during stress response including 
nitrogen limitation (Tabata et al., 2014; Delay et al., 2013). Thus these peptides are postulated to 
provide the developmental cues in response to the environment to modulate plant growth 
accordingly. This modulation includes the root architectural regulation which is strongly 
influenced by nitrogen availability.  
 
Recent characterization of the CEP peptide receptors show the nitrogen-limitation response 
regulation of CEP peptides is shoot-dependent (Tabata et al., 2014). The CEPR1 and CEPR2 
showed expression in the base of lateral roots, the root tips of both primary and lateral roots, and 
the vascular tissues of shoot and root. Grafting experiments between the cepr1 and cepr2 double 
mutant showed the requirement for the CEP peptide to travel to the shoot to bind to the receptors 
and exert their responses. Using upregulation of NRT2.1 as the output for nitrogen limitation 
response, NRT2.1 regulation in the roots of the double mutant was shown to be rescued to a 
wild-type response when the double mutant root was grafted to a wild-type shoot. Additionally, 
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the xylem sap collected from nitrogen starved plants was shown to contain CEP peptides 
indicating that the peptides expressed in the roots travelled to the shoot to bind to the receptors 
and mediate their responses. Interestingly, this systemic regulation by CEP resembles the central 
features of the CLE peptide-SUNN interaction that mediates autoregulation of nodulation. In the 
CLE-SUNN pathway, the CLE peptides produced by nodulating root travel to the shoot to 
mediate the autoregulation pathway by binding to the SUNN receptor (Caetano-Anolles and 
Gresshoff, 1991; Okamoto et al., 2013). Similarly to CEPR, SUNN is also expressed in the root 
and it has been shown that there is a local role for SUNN in regulating nodulation (Jin et al., 
2010). Therefore, CEP peptide regulation of local response during nitrogen limitation should also 
be considered when studying the CEP peptide regulatory pathway of root development. 
 
In the M. truncatula Gene Expression database, the only copy of CEP, annotated as MtCEP1, is 
shown to be upregulated in the roots during nitrogen starvation (Benedito et al., 2008; He et al., 
2009). Although nitrogen limitation is a prerequisite for nodulation, this upregulation did not 
persist as strongly in nodulating roots. Therefore, MtCEP1 could be involved in the signal 
transduction during the nitrogen limitation response in roots for M. truncatula. Hence this project 
explores the functional characterization of MtCEP1 peptides in modulating root architecture and 
root nodule formation. 
 
1.5 Project scope 
This project focuses on the nitrogen limitation-responsive MtCEP1 regulation of the root 
architecture. Nitrogen limitation promotes lateral root formation and is a prerequisite for nodule 
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formation. Thus, MtCEP1 is studied for its functional role as a signaling molecule for controlling 
root architecture focusing on lateral root and nodule development. During the course of this 
study, several nodule phenotypes suggest possible interaction with the ethylene pathway. Hence, 
ethylene interaction with MtCEP1-mediated regulation is explored for root developmental 
processes. Auxin regulation was also considered in the MtCEP1 regulation of the root 
architecture. For plant signaling peptides, the endogenous structure of the peptides including the 
post-translational modifications is crucial for imparting their biological activities. Therefore in 
this project, endogenous MtCEP1 peptides produced by the roots were isolated and characterized 
to determine their biological activities. This provides a better insight in MtCEP1-mediated 
developmental pathway. 
 
The hypotheses and the experimental approach that will be addressed in each chapter are 
outlined as below: 
a. MtCEP1 regulates nitrogen-mediated modulation of root architecture 
Chapter 3 outlines the functional characterization of MtCEP1 peptides through reverse-
genetic and root growth assays. Initial observation showed that MtCEP1 was upregulated 
in the roots during nitrogen limitation. To further study how MtCEP1 regulates the root 
architecture, MtCEP1 was overexpressed using hairy root transformation and observed 
for root phenotypes, including the lateral root and nodule formation. Putative predicted 
synthetic peptides of MtCEP1 were also assayed for their biological activities and 
observed for their effects in regulating the root architecture.  
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b. MtCEP1-mediated nodulation phenotype involves the ethylene signaling pathway 
Chapter 4 discusses the MtCEP1 regulation of root development, focusing on nodulation, 
via the EIN2-dependent ethylene signaling pathway. Phenotypic analysis of MtCEP1-
mediated nodule phenotypes suggests that high levels of MtCEP1 may perturb the 
ethylene-signaling pathway during nodulation. Therefore, with the use of the readily 
available M. truncatula ethylene-insensitive EIN2 mutant, sickle, the MtCEP1 regulation 
and interaction was studied for their involvement and dependency in the ethylene 
pathway. 
 
c. The endogenous peptides of MtCEP1 are post-translationally modified for their 
biological activities 
Chapter 5 describes the isolation and identification of endogenous MtCEP1 peptides. M. 
truncatula regulatory peptides had not previously been isolated and characterized. 
However it is crucial to know the endogenous forms of these peptides as peptide structure 
dictates it biological activities in planta. Therefore, a reliable and efficient peptide 
isolation protocol was established for the identification of MtCEP1 peptides. The 
identified peptides with a combination of post-translational modifications were 
subsequently surveyed for their biological activities in exerting their root phenotypes. 
 
Finally in Chapter 6, the results from each chapter will be discussed together to provide a better 
perspective for the root architecture regulation by MtCEP1 peptides via EIN2-dependent 
ethylene signaling pathway. Future directions of the studies and conclusion will also be 
discussed at the end of this thesis. 
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2 MATERIALS AND METHODS 
2.1 Chemicals 
All chemicals used throughout this study were of biochemical grade unless specified. The water 
used was deionized water (Millipore, Bedford, MA) with resistance of greater than 18 megaohm-
cm.  For proteomics and mass spectrometry studies, the chemicals used were analytical grade 
unless specified. For the synthetic peptides used in the peptide assay, the peptides were 
synthesized by GL BioChem Pty Ltd. (Shanghai, China) and validated (Djordjevic et al., 2011). 
 
2.2 Plant material and growth condition 
2.2.1 Medicago truncatula growth condition 
The plants used for this project were Medicago truncatula cv. Jemalong A17 as the wild-type 
line. The transgenic lines were generated from R108 or 2HA as indicated. The mutants used in 
this study were sickle and sunn-4; sickle was characterized from ethylmethane sulfonate (EMS)-
mutagenesis screen of Jemalong A17 as described in Penmetsa et al. (1997) while sunn-4 was 
characterized from gamma-irradiation screen of Jemalong J5 as described in Schnabel et al. 
(2005). 
 
For seed germination, the seeds were scarified with sandpaper to aid the germination. The seeds 
were surface sterilized with 6.25% (v/v) sodium hypochlorite for 15 minutes followed by seven 
washes with sterile water before spreading the seeds unto modified Fåhraeus agar (Table 2.1) 
(Boisson-Dernier et al., 2001). The seeds were then vernalized for 48 hours at 4°C and 
transferred to 20°C overnight for germination.   
47 
 
 
Chemicals Quantity 
  
Macronutrient  
CaCl2.2H2O 147.02 mg/L 
MgSO4.7H2O 123.235 mg/L 
KH2PO4 95.263 mg/L 
Na2HPO4 113.6 mg/L 
FeEDTA 18.353 mg/L 
NH4NO3 40.02 mg/L 
  
Micronutrient  
H3BO3 0.1 mg/L 
MnSO4.4H2O 0.1477 mg/L 
ZnSO4.7H2O 0.1780 mg/L 
CuSO4.5H2O 0.1564 mg/L 
Na2MoO4.2H2O 0.1175 mg/L 
  
Agar (Agar Grade J3, Gelita Pty Ltd., Beaudesert, QLD) 8 g/L 
pH adjusted to 6.5  
 
Table 2.1: Nutrient compositions of modified Fåhraeus medium (Boisson-Dernier et al., 
2001). The modified Fåhraeus agar medium was prepared according to the composition above in 
150 mm x 15 mm Petri plates unless specified. 
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For root growth assay on plates, the germinated seedlings were transferred to the designated 
Fåhraeus plates with six seedlings per plate, each seedling was placed 15 mm away from each 
other. Plates were sealed with Parafilm and ¼ of the upper half of the plates were slit for air 
exchange. For the uniform growth of the roots, the plates were covered ¾ with black paper to 
minimize light exposure to the roots. The seedlings were then grown for 10 days at 20°C with a 
16 hour photoperiod and a photon flux density of 100 µmol m-2 s-1.  
 
2.3 Bacterial material and culture 
2.3.1 Nodulating roots with Sinorhizobium meliloti 
The 3-weeks old transformed hairy-roots plants were first transferred to a modified Fåhraeus 
media without nitrogen and kanamycin to starve the plants of nitrogen for 4 days, unless 
indicated otherwise. Liquid culture of Sinorhizobium meliloti was prepared prior to plant root 
inoculation of the rhizobia by inoculating liquid Bergenesen’s Modified Media (Table 2.2) with 
S. melliloti and incubate the rhizobia at 28°C overnight. The 4-days nitrogen-starved plants were 
then flood-inoculated with the liquid culture (OD600 = 0.1). 
 
2.3.2 Agrobacterium rhizogenes for transgenic hairy root transformation 
Agrobacterium rhizogenes elicits adventitious, genetically transformed roots. This leads to the 
production of composite plants comprising a transgenic hairy root system attached to non-
transformed shoots and leaves. A. rhizogenes-mediated transformation makes it possible to co-
transform plant cells with T-DNA containing the transgene of interest. The T-DNA in a disarmed 
binary vector is generally co-transformed with the resident A. rhizogenes Ri T-DNA containing
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Chemical Composition Amount 
Macronutrient  
Na2HPO4.12H2O 360 mg/L 
MgSO4.7H2O 80 mg/L 
CaCl2.2H2O 40 mg/L 
FeCl3 3 mg/L 
Micronutrient  
H3BO3 3 mg/L 
MnSO4.4H2O 10 mg/L 
ZnSO4.7H2O 3 mg/L 
CuSO4.5H2O 0.25 mg/L 
Na2MoO4.2H2O 0.25 mg/L 
CoCl2.6H2O 0.25 mg/L 
Vitamins  
Biotin 0.2 mg/L 
Thiamin-HCl 2 mg/L 
Organic Supplement  
Na glutamate 0.5 g/L 
Yeast Extract 0.5 g/L 
Manitol 3 g/L (solid media) 
 10 g/L (liquid media) 
pH adjusted to 6.8 – 7.0   
Agar (Agar grade J3, Gelita Pty Ltd., Beaudesert, QLD) 8 g/L 
Table 2.2: Nutrient compositions of Bergensen’s Modified Medium (Rolfe et al., 1980). The 
medium was prepared for S. melliloti bacterial culture to be used for nodulation assay. 
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the root locus (rol) genes (responsible for root proliferation). These transgenic roots are well-
adapted for studies of root-specific interactions as they can be nodulated by S. meliloti (Boisson-
Dernier et al., 2001). 
 
2.4 Molecular biology techniques 
2.4.1 Isolating genomic DNA for cloning gene or sequence of interest from M. truncatula 
For genomic DNA isolation, 10 mg of frozen wild-type A17 M. truncatula leaves sample was 
finely grounded and 300 µL of Cell Lysis Solution was added to the sample. The sample was 
mixed for 3 seconds and then incubated for 60 minutes at 65°C with the samples inverted several 
times during incubation. After the incubation, the cell lysate was added with RNaseA Solution 
and mixed by inverting the tube 25 times followed by incubation at 37°C for 60 minutes. The 
sample was then cooled to room temperature before addition of 100 µL Protein Precipitation 
Solution to the cell lysate. The cell lysate sample was then vortexed at high speed for 20 seconds 
and subsequently centrifuged at 13,000 g for 3 minutes. Without disturbing the protein pellet at 
the bottom of the tube, the supernatant with DNA was carefully transferred to a new Eppendorf 
tube containing 300 µL of 100% isopropanol and the tube was inverted 50 times. Sample was 
then centrifuged at 13,000 g for 1 minute to precipitate the DNA. The supernatant was discarded 
leaving the DNA pellet which was added with 300 µL 70% ethanol and the tube was inverted 
several times to wash the pellet. The DNA sample was centrifuged at 13,000 g for 1 minute and 
the supernatant was carefully discarded without dislodging the pellet at the bottom of the tube. 
The DNA pellet was then air-dried for 10 minutes before rehydration process. The DNA sample 
was rehydrated through the addition of 50 µL of DNA Hydration Solution followed by overnight 
51 
 
incubation at 65°C. The final purified DNA was used as the template for cloning the MtCEP1 
gene and the MtCEP1 promoter to construct the plasmids used in this study. 
 
2.4.2 Isolating RNA and synthesizing cDNA for qRT-PCR 
The total RNA from transformed hairy-roots samples were isolated using ZR plant RNA 
MiniPrep™ (ZYMO Research Group, Orange, USA) according to manufacturer’s instructions. 
About 100 mg of each frozen root sample was transferred into ZR BashingBead™ Lysis Tube 
and 800 µL RNA Lysis Buffer was added to each sample. The tubes were then centrifuged at 
12,000 g for 1 minute. After centrifugation, 400 µL of supernatant from each ZR BashingBead™ 
tube was transferred into Zymo-Spin™ IIIC Columns in Collection Tubes followed with another 
centrifugation at 8,000 g for 30 seconds. The flow-through collected in each Collection Tube was 
added with 320 µL of 100% ethanol and mixed well. Mixture from each tube was then 
transferred to Zymo-Spin™ IIC Column in Collection Tubes and centrifuged at 12,000 g for 30 
seconds. The flow-through from the tubes was discarded prior to adding 400 µL RNA Wash 
Buffer to Zymo-Spin™ IIC Column. The tubes were centrifuged again at 12,000 g for 1 minute 
and the flow-through was discarded. For each tube, 80 µL DNase cocktail from Qiagen™ (70 µL 
of reaction buffer and 10 µL of DNase solution) was added directly to the matrix of the column 
and the tubes were incubated for 15 minutes at room temperature before centrifugation at 12,000 
g for 30 seconds. After DNase digestion, 400 µL RNA Prep Buffer was added to each column 
and tubes were centrifuged for 1 minute at 12,000 g. The flow-through was discarded and 800 
µL of RNA Wash Buffer was added to the column before centrifuging at 12,000 g for 30 
seconds. The tubes were washed again with 400 µL RNA Wash Buffer and were centrifuged 
again at 12,000 g for 2 minutes to ensure complete removal of the wash buffer. The Zymo-
52 
 
Spin™ IIC Columns were removed from the Collection Tube and placed into new Eppendorf 
tubes. For RNA elution, 20 µL DNase/RNase-free water was added directly to the column matrix 
and was let to stand for 1 minute before centrifuging the tubes at 10,000 g for 30 seconds. The 
eluted RNA was transferred to the prepared Zymo-Spin™ IV-HRC Spin Filters inside new 
Eppendorf tubes to remove any inhibitor from the samples. (The Zymo-Spin™ IV-HRC Spin 
Filters were prepared by snapping off the base of the filters and inserting the tubes into 
Collection Tube followed by two washes with DNase/RNase-free water and centrifuged the 
tubes at 8,000 g for 3 minutes.) The RNA samples were filtered by centrifuging the filters at 
8,000 g for 1 minute. The filtered RNA samples were calculated for their concentration and 
further be used for cDNA synthesis. 
 
For synthesizing the first-strand cDNA, 0.5 µL oligo(dT)12-18 and 0.5 µL dNTP Mix (10 mM) 
were added in a tube for each sample. The total RNA added from each sample into the tube was 
according to the RNA weight (ng) of 12 µL of sample with the lowest RNA concentration. For 
samples with total volume less than 13 µL, deionized water was added to the sample up to 13 
µL. The mixtures were then heated at 65°C for 5 minutes and immediately incubated on ice for 1 
minute. For each sample, the following mixture was added: 4 µL 5X First Strand Buffer, 1 µL 
DTT (0.1M) and 1 µL SuperScript™ III RT (200 units/µL). The mixture in each tube was mixed 
and incubated at 25°C for 5 minutes followed by incubation at 50°C for 60 minutes. The reaction 
was then inactivated by heating the tubes to 70°C for 15 minutes. The cDNA samples were used 
as templates for qRT-PCR. 
53 
 
2.4.3 Polymerase Chain Reaction (PCR) 
For cloning the respective gene or sequence, PCR was performed using Phusion Hot Start High-
Fidelity DNA Polymerase (Finnzymes, Espoo, Finland) with the genomic DNA as the template. 
The PCR was carried out in Thermo Hybrid PCR Express Thermal Cycler (Fisher Scientific, 
Pittsburgh, PA, USA). The primers used were designed as gene-specific primers. 
 
For qRT-PCR, the PCR was performed as outlined in Chapter 3 using the SYBR Green 
technology with cDNA synthesized from RNA isolated from the root samples as the template. 
The primers used were also designed as gene-specific primers. 
 
2.4.4 Generating plasmid constructs and transformation of A. rhizogenes 
The GATEWAY™ Cloning Technology was employed to generate the plasmid vectors used in 
this study.  Using PCR, the gene or sequence of interest was amplified using specific primers 
which introduced the CACC overhang sequence at the 5’end of the PCR product. This was 
essential for the directional cloning of the PCR product into the entry vector, pENTR, using 
Topoisomerase (pENTR™ D TOPO Cloning Kit, Invitrogen, Carlsbad, USA). The entry vectors 
were chemically transformed into E. coli TOP10 cells following the manufacture’s protocol. 
Positive clones were selected for kanamycin resistance and screened for the correct inserts. The 
entry vectors from the positive transformants were subsequently used to transfer the inserts into 
the final Gateway® destination vectors through LR recombinase reaction. The details of the final 
plasmid constructs used in this study were indicated in each chapter. The sequences for all the 
constructs were confirmed by DNA sequencing at the Biomolecular Resource Facility, The John 
Curtin School of Medical Research, The Australian National University. 
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2.4.5 Hairy root transformation via Agrobacterium rhizogenes 
Transformed A. rhizogenes was first cultured in liquid Luria-Bertani (LB) medium (Table 2.3) 
with 100 µg/ml streptomcycin and 50 µg/ml spectinomycin at 28°C for 2 days. The bacteria were 
then plated on LB agar plate with the same concentration of antibiotics as the liquid culture 
followed by incubation at 28°C for 2 days. The hairy root transformation procedure of M. 
truncatula seedlings using A. rhizogenes (Boisson-Dernier et al., 2001) with slight modifications 
was performed under the laminar flow hood. First, the radicle of germinated seedling was cut 
approximately 3 mm from the root tip under sterile water to avoid desiccation. The cut section 
was immediately coated with transformed A. rhizogenes by lightly scratching the cut section on 
the surface of the agar plate coated with lawn of bacteria.  The seedling was then placed on 
modified Fåhraeus agar media with 25 mg/mL kanamycin. About eight seedlings were placed on 
each modified Fåhraeus agar media. Finally, the plants were grown in growth chamber at 20°C 
with 8h/16h light/dark cycle. After 3 weeks of transformation, the grown roots were screened for 
positive transformants and were ready for analysis. 
 
2.4.6 Microscopy analysis 
For observing the whole root, the samples were observed using Olympus SZX16 
stereomicroscope (Model SZX2-FGFPA). For higher magnification of the roots and root 
sections, the samples were observed using Leica DMBL microscope (Leica Microsystems) or 
Nikon SMZ1500 microscope (Nikon Inc., New York, USA). 
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Chemical composition  Final concentration 
   
Tryptone  10 mg/L 
Yeast extract  5 mg/L 
NaCl  10 mg/L 
Agar  14 g/L 
   
pH adjusted to 7.0   
 
Table 2.3: Composition of Luria-Bertani Media (Bertani, 1951a). The media were used as the 
selective growth media with 50 µg/mL kanamycin for the entry vector selection, and with 50 
µg/mL spectinomycin and 100 µg/mL streptomycin for the expression vector selection. Agar 
used was grade J3 agar (Gelita Pty Ltd., Beaudesert, QLD). 
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3 RESULTS: THE PEPTIDE-ENCODING CEP1 GENE MODULATES 
LATERAL ROOT AND NODULE NUMBERS IN MEDICAGO 
TRUNCATULA 
The content of this chapter has been published in the Journal of Experimental Botany as follows: 
Nijat Imin*, Nadiatul A. Mohd-Radzman*, Huw A. Ogilvie, and Michael A. Djordjevic. 
2013. The peptide-encoding CEP1 gene modulates lateral root and nodule numbers in Medicago 
truncatula, J. Exp. Bot., 64 (17): 5395-409. [*Equivalent first authors. Nadiatul A. Mohd-
Radzman conducted all experiments except for the RNAi hairy root transformation and the 
RNA-Seq analysis.] 
 
3.1 Overview 
The role of MtCEP1, a member of the CEP (C-terminally encoded peptide) signaling peptide 
family, was examined in Medicago truncatula root development. MtCEP1 was expressed in root 
tips, vascular tissue, and young lateral organs, and was up-regulated by low nitrogen levels and, 
independently, by elevated CO2. Overexpressing MtCEP1 or applying MtCEP1 peptide to roots 
elicited developmental phenotypes: inhibition of lateral root formation, enhancement of 
nodulation, and the induction of periodic circumferential root swellings, which arose from 
cortical, epidermal, and pericycle cell divisions and featured an additional cortical cell layer. 
MtCEP peptide addition to other legume species induced similar phenotypes. The enhancement 
of nodulation by MtCEP1 is partially tolerant to high nitrate, which normally strongly suppresses 
nodulation. These nodules develop faster, are larger, and fix more nitrogen in the absence and 
presence of inhibiting nitrate levels. At 25mM nitrate, nodules formed on pre-existing swelling 
sites induced by MtCEP1 overexpression. RNA interference-mediated silencing of several 
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MtCEP genes revealed a negative correlation between transcript levels of MtCEP1 and MtCEP2 
with the number of lateral roots. MtCEP1 peptide-dependent phenotypes were abolished or 
attenuated by altering or deleting key residues in its 15 amino acid domain. RNA-Seq analysis 
revealed that 89 and 116 genes were significantly up- and down-regulated, respectively, by 
MtCEP1 overexpression, including transcription factors WRKY, bZIP, ERF, and MYB, 
homologues of LOB29, SUPERROOT2, and BABY BOOM. Taken together, the data suggest that 
the MtCEP1 peptide modulates lateral root and nodule development in M. truncatula. 
 
3.2 Introduction 
Roots control many essential functions including water and nutrient uptake, the establishment of 
symbiotic interactions, anchorage, and the storage of reserves (Lopez-Bucio et al., 2003). Root 
system architecture results from a trade-off between main root growth and the number of side 
organs made, and is determined both by intrinsic developmental pathways (Peret et al., 2009) 
and by the interactions of roots with the environment, including the availability of nutrients 
(Malamy, 2005; Peret et al., 2009). The interplay between these influences is not fully 
understood, but it is important to unravel how this occurs and to identify the key signal 
molecules involved in regulating root development so that root architecture can be improved for 
agricultural purposes. This is particularly important in legumes which, unlike Arabidopsis, can 
adapt to low nitrogen (N) or phosphorus (P) conditions not only to modulate lateral root 
formation (Jeudy et al., 2010), but also to enable symbioses with nitrogen-fixing rhizobia 
(Carroll et al., 1985; Caetano-Anolles and Gresshoff, 1990) and mycorrhizae (Graham et al., 
1981; Balzergue et al., 2011). The developmental competency of legumes to rhizobia is 
conditional upon growth in low N conditions, and the mechanistic basis for this is not 
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understood. In addition, the rhizobial–legume symbiosis is known to be universally negatively 
regulated by moderate levels of nitrogen (e.g. >3mM nitrate), and this limits the utility of this 
symbiosis to support high yields, for example in seed legumes (Carroll et al., 1985). 
 
Hormonal regulation of lateral root formation in Arabidopsis is not always equivalent to that 
occurring in legume species. In legumes, the roles of auxin and cytokinin in lateral root 
formation in promoting and inhibiting lateral root formation appear similar to those in 
Arabidopsis; however, abscisic acid (ABA) promotes lateral root formation in legumes whereas 
it inhibits lateral root formation in non-legumes (Liang and Harris, 2005). In addition, distinctive 
hormonal controls of nodule formation exist. First, cytokinin positively influences root nodule 
initiation (Gonzalez-Rizzo et al., 2006). Secondly, although a perturbation in auxin levels 
appears to play a role in conditioning early nodulation events during early indeterminate nodule 
formation (Mathesius et al., 1998), hypersensitivity of soybean to auxin inhibits determinate 
nodule development (Turner et al., 2013). Thirdly, ABA inhibits nodule formation (Tominaga et 
al., 2009), and legumes are developmentally responsive to Nod factors made by rhizobia and 
mycorrhizae (Maillet et al., 2011). Legumes also differ from Arabidopsis by having an open root 
meristem system (Hamamoto et al., 2006), and pericycle and inner cortical cells participate in 
nodule and lateral root formation in legumes with indeterminate nodules (Mathesius et al., 2000). 
Therefore, the regulatory systems for root and lateral organ formation in Arabidopsis and 
legumes need to be assessed independently. 
 
Apart from phytohormones, secreted regulatory peptides control many aspects of plant growth 
and development by acting mostly as short-range signals (Ito et al., 2006; Ohyama et al., 2009; 
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Meng et al., 2012; Whitford et al., 2012). The best understood regulatory peptide families 
affecting root development include CLE (CLAVATA3/EMBRYO SURROUNDING REGION-
related) (Ito et al., 2006; Stahl et al., 2009) and RGF (root growth factor)/CLEL (CLE-
like)/Golven (hereafter called RGF) which exert positive and negative control on populations of 
stem cells in root and shoot apices and pluripotent cells in vascular tissues (Matsuzaki et al., 
2010; Meng et al., 2012; Whitford et al., 2012; Fernandez et al., 2013). Little is known about 
how CLEs and RGFs control legume development, but a functionally distinct class of nodule-
specific CLEs in legumes controls the developmental competency of cells for root nodulation via 
an autoregulatory mechanism which can over-ride nodulation ability completely when 
overexpressed (Mortier et al., 2010; Reid et al., 2011; Saur et al., 2011). Recently, one of these 
nodule-specific CLEs has been shown to be a long-distance root to shoot signal (Okamoto et al., 
2013) which again emphasizes key differences between legumes and Arabidopsis. 
 
In Arabidopsis, AtCEP1 overexpression or the addition of its predicted 15 amino acid product 
inhibits primary root and lateral root elongation. AtCEP1 was expressed in emerging lateral roots 
and the shoot apical meristem. Although not expressed in the root apical meristem, the 
constitutive expression of AtCEP1 reduced the number of meristem cells there (Ohyama et al., 
2008). The constitutive expression of AtCEP1 generated secreted 14 or 15 amino acid peptides 
with post-translational modifications to proline (Ohyama et al., 2008). Thus far, nothing is 
known about the developmental roles of CEP peptides in legume roots. Here, the role of 
MtCEP1 in Medicago root development is characterized. Bioinformatic analysis shows that there 
are 11 CEP family members in M. truncatula. MtCEP1 transcription was assessed under different 
nutritional and hormonal regimes and during lateral root and nodule development, and was 
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shown to have a different tissue expression pattern to that of AtCEP1 in Arabidopsis. An 
assessment was carried out of the developmental effects of (i) MtCEP1 overexpression; (ii) the 
direct application to roots of the predicted MtCEP1 15 amino acid mature peptides; and (iii) the 
addition of structural variants of this peptide. These results showed that MtCEP1 overexpression 
strongly inhibited lateral root formation, promoted nodule development, and induced periodic 
and circumferential root swellings on roots. In contrast to the overexpression of AtCEP1 in 
Arabidopsis, primary root elongation was unaffected. Several legume species responded to the 
MtCEP1 peptide in a similar manner to M. truncatula. Structural variants of the 15 amino acid 
peptide were either inactive or attenuated in biological activity, and this identified key residues 
required for biological activity. Root tip excision was used to assess a possible role for apical 
dominance in the MtCEP1-mediated inhibition of lateral root formation, and serial sectioning 
was used to examine how MtCEP1 inhibits lateral root formation. The enhancement of nodule 
formation was assessed under different nitrate regimes and shown to be partially tolerant to the 
inhibitory effect of nitrate on nodulation. RNA interference (RNAi)-mediated gene silencing was 
used to assess the effect of down-regulation of MtCEP expression and RNA-Seq to identify 
significantly up- and down-regulated genes resulting from MtCEP1 overexpression. The results 
point to MtCEP1 peptides differentially affecting lateral root and nodule development pathways. 
 
3.3 Materials and methods 
3.3.1 Plant materials and growth 
Seeds of M. truncatula wild-type accession A17, Medicago sativa, Trifolium subterraneum 
cultivar Woogenellup, and T. repens cultivar Haifa were stratified and germinated on Fåhraeus 
medium plates (Holmes et al., 2008) and transferred to Petri plates or magenta jars with Fåhraeus 
61 
 
medium. Plates each containing six seedlings were grown in a growth chamber at 20 or 25 °C 
with a 16h photoperiod and a photon flux density of 100 µmol m–2 s–1 (Holmes et al., 2008). 
Magenta jars with 0.4% agar were used where indicated. 
 
3.3.2 Agrobacterium rhizogenes-mediated hairy root transformation, overexpression, 
silencing, and promoter–GUS fusions 
For overexpression, the MtCEP1 full-length open reading frame was amplified from M. 
truncatula cDNA, and cloned into pENTR D/TOPO (Invitrogen). LR recombination was done 
with the Gateway-compatible destination vector pK7WG2D (Karimi et al., 2002). For promoter 
analysis, 2kb of MtCEP1 upstream sequence was amplified by PCR from genomic DNA, cloned 
into pENTR/D TOPO, sequenced, and subsequently transferred into the pKGWFS7 destination 
vector (Karimi et al., 2002) though LR recombination. For RNAi-mediated gene silencing, 200–
300bp fragments of MtCEP1, 2, 5, and 11 were amplified and were joined by overlap PCR 
(Heckman and Pease, 2007), and the final product was cloned into pENTR/D TOPO and 
confirmed by sequencing. LR recombination was performed with the binary vector 
pHELLSGATE8 (Helliwell and Waterhouse, 2003) or MIGS2.1 vector which includes an 
expression cassette with the miR173 precursor placed behind the UBQ11 constitutive promoter 
(Felippes et al., 2012). miR173 target sites were included in front of each fragment. As a control, 
a β-glucuronidase (GUS) fragment was also introduced into the same vector. All constructs were 
transformed into Agrobacterium rhizogenes strain ARqua1 and grown with the appropriate 
antibiotics. For MIGS constructs, the helper plasmid pSOUP, which is required for replication of 
MIGS vector in Agrobacterium, was co-tranformed (www.pgreen.ac.uk/). Hairy root 
transformation was done as previously described (Saur et al., 2011). Transgenic roots were 
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identified by the presence of green fluorescent protein (GFP) with an Olympus SZX16 
stereomicroscope equipped with a GFP filter unit (Model SZX2-FGFPA; Shinjuku-ku, Tokyo, 
Japan). For gene expression analysis of MtCEP1,2,5,11-silenced roots, separate primers were 
designed from the sequences outside regions that were used for cloning the fragments for 
silencing. Supplementary Table S1 available at JXB online lists all primer sequences. 
 
3.3.3 Nodulation with Sinorhizobium meliloti and acetylene reduction assay 
The 3-week-old transformed plants with hairy roots were first transferred to Fåhraeus medium 
plates without kanamycin, with and without nitrate. After 4 d, they were inoculated with S. 
meliloti. For seedling assays, 4-day-old A17 seedlings flood inoculated with S. meliloti strains 
WSM1022 (Terpolilli et al., 2008) or Sm1021 were used as indicated. For the acetylene 
reduction assay, MtCEP1 peptide-treated (1 µM) and non-treated wild-type plants grown in 
Fåhraeus medium with 0, 2.5, and 5mM nitrate were harvested at 2 weeks post-inoculation with 
WSM1022. The root systems of six plants were pooled, placed in 30ml glass vessels, and sealed 
with suba seals (Thomas, Chicago, IL, USA) with three biological repeats per treatment. 
Acetylene gas was introduced to a final concentration of 10% (v/v) and samples were incubated 
for 4h at 28 °C. Gas samples (0.5ml) were extracted from the headspace using a syringe and 
analysed using a gas chromatograph GC8A fitted with a Poropak T column and flame ionization 
detector (Deaker et al., 2011). Nitrogenase activity was calculated from peak areas of samples 
relative to acetylene and ethylene standards to obtain nmoles ethylene min–1. Data were 
analysed using analysis of variance (ANOVA). 
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3.3.4 Exogenous application of synthetic peptides and hormones 
The 15 amino acid peptides corresponding to the conserved domain of MtCEP1 were 
synthesized at the Biomolecular Resource Facility (ANU) and validated as described (Djordjevic 
et al., 2011). For the hormone assays, A17 plants were grown on Fåhraeus medium for 10 d 
before they were transferred to the medium containing 10–6 M of the respective phytohormones 
and grown for 24h. 
 
3.3.5 GUS staining and sectioning 
GUS activity was localized in transgenic hairy roots carrying pMtCEP1:GUS. GUS staining was 
observed as previously described (Saur et al., 2011). Staining and sectioning was performed 
three times, each with 6–8 plants, and observed using a Nikon SMZ1500 stereomicroscope 
(Nikon Inc., New York, USA). 
 
3.3.6 RNA extraction, cDNA synthesis, and qRT–PCR analysis 
RNA extraction, cDNA synthesis, and quantitative real-time reverse transcription–PCR (qRT–
PCR) analysis was performed as previously described (Kusumawati et al., 2008). Normalization 
was conducted by calculating the differences between the CT of the target gene and the CT of 
MtUBQ10 (MtGI accession no. TC161574) according to the ‘delta–delta method’ (Pfaffl, 2001). 
Three biological and three technical repeats were done for each sample. 
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3.3.7 RNA-Seq analysis  
Total RNA was isolated from MtCEP1-overexpressing or vector control root samples in 
triplicate using the RNeasy Mini Kit (Qiagen) as previously described (Kusumawati et al., 2008). 
Paired-end sequencing (100 nucleotides) was performed on the Illumina HiSeq2000. Bowtie 2 
was used to align paired-end reads to the Medicago reference genome assembly version 3.5.2 
(Young et al., 2011). The default settings for paired-end alignment were used, FASTQ format 
high-throughput sequencing files generated from the HiSeq 2000 run were used as input, and 
SAM format alignment files were generated by Bowtie 2 as output (Langmead and Salzberg, 
2012). Samtools (Li et al., 2009) was used to convert the SAM files into space-efficient BAM 
files. The cuffdiff program, part of the Cufflinks package (Trapnell et al., 2010), was used to 
analyse the expression levels of genes from the Medicago reference genome annotation version 
3.5v5. Cuffdiff returns expression levels in fragments per kilobase of transcript per million 
mapped reads (FKPM), a value normalized to the size of the library. Cuffdiff was also used to 
calculate the mean FKPM values of each gene in each sample group, the statistical significance 
of the difference in expression levels, and to correct that statistic for multiple testing using an 
allowed false discovery rate (FDR) of 0.05. Gene set enrichment analysis was done as described 
(Subramanian et al., 2005). Gene sets are groups of gene transcripts labelled and grouped by 
gene ontology annotation. Only gene sets which were significantly associated were included (P < 
0.05). 
 
3.3.8 Confocal microscopy 
The root samples were fixed (50% methanol and 10% acetic acid) at 4 °C overnight, rinsed with 
water, and stained with 10 µg ml–1 propidium iodide in water at room temperature (avoiding 
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light) until plants were visibly stained (<3h). Then the roots were examined by multiphoton 
imaging using LSM 780 confocal microscopy (Carl Zeiss, Jena, Germany). 
 
3.3.9 Statistical analysis 
Statistically significant differences were determined either with ANOVA followed by Fisher’s 
least significant difference analysis (on Genstat 14th Edition) or with two-tailed Student’s t-test 
for unequal variance (on Microsoft Office Excel 2007) where appropriate. 
 
3.4 Results 
3.4.1 MtCEP1 expression is regulated by nitrogen levels, elevated CO2, and rhizobial 
infection 
Using bioinformatics, 11 CEP genes were identified in M. truncatula (Appendix Fig. 1.1 and 
Appendix Table 1.2). Each M. truncatula gene product contained one or more canonical 15 
amino acid CEP domains and a high probability N-terminal signal sequence; however, minimal 
amino acid sequence conservation existed between CEP sequences outside these two motifs. 
Most of the single CEP domain-coding genes encoded predicted pre-proproteins of between 80 
and 85 amino acids (e.g. MtCEP2–MtCEP6 and 11) (Appendix Fig. 1.1). Gene atlas expression 
data (Benedito et al., 2008) are available for MtCEP1 only (Mtr.7265.1.S1_at) which encodes 
two CEP domains (Fig. 3.1A). The atlas data show that MtCEP1 is most strongly induced in 
roots by N starvation, which is a prerequisite for legume root susceptibility to nodulation, and 
MtCEP1 expression gradually decreases in developing nodules induced by S. meliloti 1021 (Fig. 
3.1B). A close homologue of MtCEP1 in Arabidopsis (AtCEP9: At3g50610) is one of 31
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Figure 3.1: Low N, N starvation, and high CO2 up-regulate MtCEP transcripts. (A) Putative 
MtCEP1 protein sequence. The N-terminal signal sequence is blue and the conserved CEP 
peptides are red. Non-conserved sequences are green. (B) Medicago gene atlas expression 
analysis of MtCEP1 (Benedito et al., 2008). Root (nitrogen): plants were grown for 11 d using an 
N-rich (5 mM NH4NO3) medium. Root (no nitrogen): plants were deprived of N for 4 d. Nod, 
nodules; dpi, days post-inoculation with S. meliloti strain 1021 after plants were deprived of N 
for 4 d. n ≥3. Student’s t-test. (C) Eight MtCEP genes were significantly up-regulated after 
shifting plants for 4 d onto an N-free medium compared with plants shifted to 0.5 mM NH4NO3. 
The steady-state levels of MtCEP3 and MtCEP10 were below the qRT–PCR detection threshold. 
n ≥3. Student’s t-test. (D) MtCEP1 expression is not affected by 24 h hormone treatments at 1 
µM. ABA, abscisic acid; ACC, ethylene precursor 1-aminocyclopropane1-carboxylic acid; BAP, 
cytokinin 6-benzylaminopurine; GA, gibberellic acid; GR24, a synthetic strigolactone; MeJA, 
methyljasmonate; NAA, 1-naphthalene acetic acid. n ≥6. Student’s t-test. (E) Relative expression 
of MtCEP genes in response to high and low levels of nitrate and atmospheric CO2. MtCEP1, 2, 
5–8, and 11 are significantly up-regulated in the roots after 14 d growth under low nitrate (0.25 
mM KNO3) and high CO2 (800 ppm) compared with the roots of similar plants grown under high 
nitrate (5 mM KNO3) and ambient CO2. Plants grown at 0.25 mM KNO3 were supplemented 
with 4.75 mM KCl to standardize potassium levels. n ≥12. Student’s t-test. (F) Effect of different 
N sources on the expression of MtCEP1 transcript determined by qRT–PCR. [N], different N 
sources. Nitrate and ammonium were supplied as potassium nitrate and ammonium chloride, 
respectively. Statistically significant differences indicated by letters were determined with 
ANOVA, followed by Fisher’s least significant difference analysis at the 95% confidence level 
(α=0.05). n ≥4. Plants were grown at 20 °C, except for microarray data in (A) where plants were 
grown at 25 °C. In all panels: *P < 0.05; **P < 0.01; ***P < 0.001. Error bars indicate the SE. 
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S2 at JXB online). Each M.  truncatula gene product con-
tained one or more canonical 15 amino acid CEP domains 
and a high probability N-terminal signal sequence; how-
ever, minimal amino acid sequence conservation existed 
between CEP sequences outside these two motifs. Most of 
the single CEP domain-coding genes encoded predicted 
pre-proproteins of between 80 and 85 amino acids (e.g. 
MtCEP2–MtCEP6 and 11) (Supplementary Fig. S1). Gene 
atlas expression data (Benedito et al., 2008) are available for 
MtCEP1 only (Mtr.7265.1.S1_at) which encodes two CEP 
domains (Fig.  1A). The atlas data show that MtCEP1 is 
most strongly induced in roots by N starvation, which is a 
prerequisite for legume root susceptibility to nodulation, and 
MtCEP1 expression gradually decreases in developing nod-
ules induced by S. meliloti 1021 (Fig. 1B). A close homologue 
of MtCEP1 in Arabidopsis (AtCEP9: At3g50610) is one of 
31  ‘signature genes’ that specifically respond to raised field 
CO2 (Li et al., 2006).
Since N and carbon (C) status appeared to influence CEP 
gene expression, this was tested in M. truncatula roots. qRT–
PCR analysis showed that a shift to N starvation conditions for 
4 d significantly up-regulated eight MtCEP genes, including 
Fig. 1. Low N, N starvation, and high CO2 up-regulate MtCEP transcripts. (A) Putative MtCEP1 protein sequence. The N-terminal 
signal sequence is blue and the cons rved CEP peptides are red. No -con erved sequences are green. (B) Medicago g ne atlas 
expression analysis of MtCEP1 (Benedito et al., 2008). Root (nitrogen): plants were grown for 11 d using an N-rich (5 mM NH4NO3) 
medium. Root (no nitrogen): plants were deprived of N for 4 d. Nod, nodules; dpi, days post-inoculation with S. meliloti strain 1021 after 
plants were deprived of N for 4 d. n ≥3. Student’s t-test. (C) Eight MtCEP genes were significantly up-regulated after shifting plants for 
4 d onto an N-free medium compared with plants shifted to 0.5 mM NH4NO3. The steady-state levels of MtCEP3 and MtCEP10 were 
below th  qRT–PCR detection threshold. n ≥3. Student’s t-test. (D) MtCEP1 expression is not affected by 24 h hormone t eatments 
at 1 μM. ABA, abscisic acid; ACC, ethylene precursor 1-aminocyclopropane1-carboxylic acid; BAP, cytokinin 6-benzylaminopurine; 
GA, gibberellic acid; GR24, a synthetic strigolactone; MeJA, methyljasmonate; NAA, 1-naphthalene acetic acid. n ≥6. Student’s t-test. 
(E) Relative expression of MtCEP genes in response to high and low levels of nitrate and atmospheric CO2. MtCEP1, 2, 5–8, and 11 
are signific ntly up-regulated in the roots after 14 d growth under low nitrate (0.25 mM KNO3) and high O2 (800 ppm) compar d with 
the roots of similar plants grown under high nitrate (5 mM KNO3) and ambient CO2. Plants grown at 0.25 mM KNO3 were supplemented 
with 4.75 mM KCl to standardize potassium levels. n ≥12. Student’s t-test. (F) Effect of different N sources on the expression of MtCEP1 
transcript determined by qRT–PCR. [N], different N sources. Nitrate and ammonium were supplied as potassium nitrate and ammonium 
chloride, respectively. Statistically significant differences indicated by letters were determined with ANOVA, followed by Fisher’s least 
significant difference analysis at the 95% confidence l vel (α=0.05). n ≥4. Plants were grown at 20 °C, except for microarray data in (A) 
where plants were grown at 25 °C. In all panels: *P < 0.05; **P < 0.01; ***P < 0.001. Error bars indicate the SE.
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‘signature genes’ that specifically respond to raised field CO2 (Li et al., 2006). 
 
To complement the qRT–PCR studies, the in vivo expression of MtCEP1 in transgenic roots was 
determined using a GUS reporter gene (pMtCEP1:GUS) and generating composite plants (Fig. 
3.2). N-starved or low N- (0.25mM) grown roots showed strong GUS staining in the root tip 
region and vascular tissue (Fig. 3.2A) and in pre-emerged (Fig. 3.2C) and emerged lateral roots 
(Fig. 3.2D), and this was apparent after 2h of staining in GUS substrate in several independently 
transformed lines (data not shown). In contrast, plants grown on 5mM or 25mM nitrate showed a 
similar but fainter GUS expression pattern (Fig. 3.2B), but 24h of staining was required to 
visualize this. At higher N concentrations, emerging lateral roots gave variable staining ranging 
from strong (~20%), to faint, to no staining (~80%; Fig. 3.2E). Like young lateral roots, 
developmentally immature nodules stained strongly (Fig. 3.2F). However, as nodules developed 
(Fig. 3.2G and inset) and produced leghaemoglobin, the GUS staining diminished both in the 
nodule and in the adjacent root vascular tissue in a very specific localized pattern (Fig. 3.2G, I), 
but nearby lateral roots retained GUS staining (Fig. 3.2G). The reduction in MtCEP1 expression 
as nodules developed was consistent with data in Fig. 1B. In fully developed nodules (Fig. 3.2H, 
J), GUS staining was greatly diminished or absent, and this extended to all the surrounding 
vascular tissues, but, again, not to nearby lateral roots (Fig. 3.2H), suggesting that MtCEP1 
expression was independently regulated in nodules and lateral roots. Serial sectioning of the root 
tip (Appendix Fig. 1.2) showed that GUS staining localized in the lateral root cap, root apical 
meristem region (Appendix Fig. 1.2C–E), and the elongation zone in cells destined to become 
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Figure 3.2: pMtCEP1:GUS expression in transgenic roots. (A and B) Strong pMtCEP1:GUS 
expression was found in the root tip region and vascular tissue at low N (A), whereas subdued 
expression was found in the root tip when grown on medium containing 5 mM KNO3(B). In (A), 
plants were transferred to a medium containing no N for 4 d after being grown at 5 mM KNO3 
for 2 weeks. (C–E) pMtCEP1:GUS expression in pre-emerged lateral roots under no-N 
conditions (C) and emerged lateral roots under no-N conditions (D) and at 5 mM KNO3 (E). (F–
J) pMtCEP1:GUS expression during nodule formation. Just emerged nodules at day 5 (F), 1-
week-old nodules (G and inset showing a longer section), 2-week-old nodules (H). (I, J) 
Transverse sections of root nodules at the developmental stages corresponding to those in G and 
H, respectively.  
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MtCEP1, between 4- and 36-fold in roots (Fig. 1C). However, 
only MtCEP1 and MtCEP11 showed elevated expression in 
roots under low steady-state N (0.25 mM KNO3) compared 
with high N (5 mM KNO3) (Fig. 1E). In contrast, MtCEP1, 
2, 5, 6, and 8 were highly up-regulated by a combination of 
800 ppm CO2 and low N, and MtCEP1 and MtCEP2 were 
up-regulated by 800 ppm CO2 even in the presence of high 
nitrate (5 mM KNO3; Fig. 1E). The induction of MtCEP1 
by low N and by N starvation is consistent with the gene 
atlas data.
To complement the qRT–PCR studies, the in vivo expres-
sion of MtCEP1 in transgenic roots was determined using 
a GUS reporter gene (pMtCEP1:GUS) and generating com-
posite plants (Fig. 2). N-starved or low N- (0.25 mM) grown 
roots showed strong GUS staining in the root tip region and 
vascular tissue (Fig. 2A) and in pre-emerged (Fig. 2C) and 
emerged lateral roots (Fig. 2D), and this was apparent after 
2 h of staining in GUS substrate in several independently 
transformed lines (data not shown). In contrast, plants grown 
on 5 mM or 25 mM nitrate showed a similar but fainter GUS 
expression pattern (Fig. 2B), but 24 h of staining was required 
to visualize this. At higher N concentrations, emerging lateral 
roots gave variable staining ranging from strong (~20%), to 
faint, to no staining (~80%; Fig. 2E). Like young lateral roots, 
developmentally immature nodules stained strongly (Fig. 2F). 
However, as nodules developed (Fig. 2G and inset) and pro-
duced leghaemoglobin, the GUS staining diminished both in 
the nodule and in the adjacent root vascular tissue in a very 
specific localized pattern (Fig. 2G, I), but nearby lateral roots 
retained GUS staining (Fig. 2G). The reduction in MtCEP1 
expression as nodules developed was consistent with data in 
Fig. 1B. In fully developed nodules (Fig. 2H, J), GUS stain-
ing was greatly diminished or absent, and this extended to 
all the surrounding vascular tissues, but, again, not to nearby 
lateral roots (Fig. 2H), suggesting that MtCEP1 expression 
was independently regulated in nodules and lateral roots. 
Fig. 2. pMtCEP1:GUS expression in transgenic roots. (A and B) Strong pMtCEP1:GUS expression was found in the root tip region and 
vascular tiss e at low N (A), whereas subdued expressi  was found in the root tip when grown on medium containing 5 mM KNO3. In 
(A), plants were transferred to a medium containing no N for 4 d after being grown at 5 mM KNO3 for 2 weeks. (C–E) pMtCEP1:GUS 
expression in pre-emerged lateral roots under no-N conditions (C) and emerged lateral roots under no-N conditions (D) and at 5 mM 
KNO3 (E). (F–J) pMtCEP1:GUS expression during nodule formation. Just emerged nodules at day 5 (F), 1-week-old nodules (G and inset 
showing a longer section), 2-week-old nodules (H). (I, J) Transverse sections of root nodules at the developmental stages corresponding 
to those in G and H, re pectively.
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vasculature (Appendix Fig. 1.2B, C). In mature roots, MtCEP1 was specifically expressed in the 
procambium and pericycle, but not in the phloem or cortical or epidermal cells (Appendix Fig. 
1.2A, F). Therefore, MtCEP1 shows an expression pattern distinct from that of AtCEP1 
(Ohyama et al., 2008). 
 
Since MtCEP1 responded to changes in N and C levels and was progressively down-regulated 
after the formation of leghaemoglobin in nodules, it is likely that the gradual reduction in 
MtCEP1 expression in nodules may be due to the induction of N fixation which occurs around 
the time of leghaemoglobin formation. To examine the effect of different levels of organic and 
inorganic N sources on MtCEP1 expression, the relative expression of MtCEP1 was measured 
after exposure of plants to nitrate, ammonium, asparagine, or glutamine at two CO2 levels (Fig. 
3.1F). Glutamine and asparagine are produced as a result of nitrogen fixation in indeterminate 
nodules (Schubert, 1986). MtCEP1 was significantly up-regulated at low N levels at ambient 
CO2 when nitrate, asparagine, or glutamine was supplied as the sole N source. In addition, high 
CO2 further up-regulated MtCEP1, even at high N levels, when asparagine was supplied as the N 
source. However, the highest up-regulation of MtCEP1 resulted from the combination of high 
CO2 and low N for all N sources (Fig. 3.1F). ANOVA showed significant interactions between 
CO2 levels and N levels for nitrate and asparagine, indicating that low N and high CO2 up-
regulate MtCEP1 expression non-independently (Fig. 3.1F). Finally, MtCEP1 expression was not 
significantly altered by exogenously applied phytohormones (at 1 µM concentrations for 24h; 
Fig. 3.1D). 
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3.4.2 Ectopic expression of MtCEP1 or exogenous application of the synthetic MtCEP1 15 
amino acid peptide reduces the number of emerged lateral roots 
Overexpression studies and structure–activity studies using the direct application to tissues of 
regulatory peptides and their structural variants have provided important insights into the roles 
and nature of regulatory peptides in vivo (Matsuzaki et al., 2010; Meng et al., 2012; Whitford et 
al., 2012). Since MtCEP1 was expressed in roots in response to N limitation, the role of MtCEP1 
and its predicted regulatory peptide in root and nodule development was investigated. Composite 
plants expressing CaMV35S:MtCEP1 (Appendix Fig. 1.3A) exhibited aberrant root 
development. Unlike the effect of AtCEP1 overexpression in Arabidopsis, which reduced 
primary root growth and lateral root elongation (Ohyama et al., 2008), the number of lateral 
roots formed was reduced significantly (6-fold; Fig. 3.3A–C). Because mass spectrometry 
indicates hydroxylation of CEP peptide proline residues at positions four and eleven (Ohyama et 
al., 2008), 15 amino acid peptides corresponding to the MtCEP1 domain 1 (hereafter called 
MtCEP1 peptide) and domain 2 (Fig. 3.1A; Appendix Fig. 1.1) with these amino acid 
modifications were synthesized and their ability to induce root phenotypes was examined. Both 
domain 1 and 2 peptides significantly inhibited lateral root formation in wild-type plants grown 
in plates (Fig. 3.3E, G), and the inhibition of lateral root formation was sustained for as long as 8 
weeks of growth (Appendix Fig. 1.5). Thus, overexpression of MtCEP1 and direct exposure of 
roots to its putative 15 amino acid peptide products imparted very similar phenotypes. The 
inhibition of lateral root formation by the MtCEP1 peptide was dose dependent, peaking between 
10–6 M and 10–7 M (Appendix Fig. 1.3B), and was not affected by inoculation by S. meliloti 
(Appendix Fig. 1.5). Other pasture legumes such as M. sativa, subterranean clover (T. 
subterraneum) cultivar Woogenellup, and white clover (T. repens) cultivar Haifa all showed
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Figure 3.3: Phenotypic effects of MtCEP1 overexpression and synthetic MtCEP1 peptide 
addition. (A–C) Normal lateral root development of transformed roots with the vector control 
(A) compared with lateral root development in transformed plants overexpressing MtCEP1 (B). 
Comparison of lateral root production in vector control and MtCEP1-overexpressing plants (C). 
Student’s t-test ***P < 0.001;!n ≥12. (D–G) Lateral root production in M. truncatula exposed to 
no peptide (D), 1 μM MtCEP1 peptide (E), MtCEP1 peptide with a G to A alteration (F), or 
MtCEP1 domain 2 peptide (G). (H) Comparison of emerged lateral root numbers and CCPs 
formed on the roots when different synthetic peptides were applied exogenously to M. truncatula 
plants in jars for 4 weeks. Lanes 2 and 7 represent the peptides shown in E and F, respectively. n 
≥ 15; error bars indicate the SE. Statistically significant differences indicated by the lettering 
were determined with ANOVA, followed by Fisher’s least significant difference analysis at the 
95% confidence level (α=0.05). Peptide sequences are shown. Blue and red P equate to 
hydroxyproline and proline, respectively. Changes to amino acids are underlined in red. Plants 
were grown at 20 °C except where indicated. 
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(P < 0.05) down-regulated 6- and 11-fold, respectively, when 
compared with the GUS control (Fig.  4D). MtCEP5 and 
MtCEP11 did not show significant changes in expression lev-
els. MIGS-based gene silencing was also used for these genes 
and, similar to the pHellsgate8 system, transgenic roots con-
taining the MIGS-MtCEP1,2,5,11 construct showed a sig-
nificant increase in lateral root numbers but not in nodule 
numbers (Fig. 4C; Supplementary Fig. S7 at JXB online). 
The silencing effect of  the MIGS-MtCEP1,2,5,11 construct 
on the MtCEP transcripts was also similar to that obtained 
with the pHellsgate8 system (Fig. 4E). The enhanced root 
growth for these silencing lines is similar to the phenotype 
observed for AtCEP3 knockout in Arabidopsis (Delay et al., 
2013), which is consistent with CEPs being negative regula-
tors of  root growth.
The ectopic expression of MtCEP1 or exogenous 
application of synthetic p ptides in uces periodic 
circumferential cell proliferation sites
Medicago truncatula roots transformed with 35S:MtCEP1 
or treated with the synthetic MtCEP1 peptide formed peri-
odic root swellings typified by circumferential cell prolifera-
tions (CCPs) (Fig. 5). On peptide-treated plants, CCP sites 
are formed from day 4 onwards after 1-day-old germinated 
seedlings were transferred to the MtCEP1 peptide-containing 
plates. The treatment of other legumes (e.g. M. sativa, sub-
terranean clover and white clover) with the MtCEP1 peptide 
also induced periodic CCPs (Supplementary Fig. S6 at JXB 
online), indicating that MtCEP1 biological activity has cross-
species activity. The periodicity of CCP site formation in 
Fig. 3. Phenotypic effects of MtCEP1 overexpression and synthetic MtCEP1 peptide addition. (A–C) Normal lateral root development 
of transformed roots with the vector control (A) compared with lateral root development in transformed plants overexpressing MtCEP1 
(B). Comparison of lateral root production in vector control and MtCEP1-overexpressing plants (C). Student’s t-test ***P < 0.001; 
n ≥12. (D–G) Lateral root production in M. truncatula exposed to no peptide (D), 1 μM MtCE  peptid  (E), MtCEP1 eptide with a 
G to A alteratio  (F), or MtCEP1 domain 2 peptide (G). (H) Comparison of emerged lateral r ot numbers and CCPs formed on the roots 
when different synthetic peptides were applied exogenously to M. truncatula plants in jars for 4 weeks. Lanes 2 and 7 represent the 
peptides shown in E and F, respectively. n ≥ 15; error bars indicate the SE. Statistically significant differences indicated by the lettering 
were determined with ANOVA, followed by Fisher’s least significant difference analysis at the 95% confidence level (α=0.05). Peptide 
sequences are shown. Blue and red P equate to hydroxyproline and proline, respectively. Changes to amino acids are underlined in red. 
Plants were grown at 20 
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significantly reduced lateral root numbers when 10–6 M of the MtCEP1 domain 1 peptide was 
applied exogenously (Appendix Fig. 1.6). 
 
Because several residues in the 15 amino acid CEP domain were highly conserved (Appendix 
Fig. 1.1), peptide variants were synthesized and tested for biological activity. These included 
peptides which were otherwise identical to the MtCEP1 peptide but which included deletion of 
the highly conserved C-terminal histidine, substitution of the highly conserved glycine at 
position 8 (Gly8), removal of the N-terminal residue, or sequential removal of the proline 
hydroxyl modifications at positions 4 and 11. The result showed that inhibition of lateral root 
development was abolished by removing the conserved C-terminal histidine residue (Fig. 3.3F, 
H; Appendix Figs 1.3–1.5). The biological activity of the MtCEP1 peptide was also greatly 
attenuated by substituting the strongly conserved Gly8 with alanine (Fig. 3.3F, G), by removing 
the N-terminal residue, or by not hydroxylating the proline residues (Fig. 3.3H; Appendix Fig. 
1.4). 
 
3.4.3 Lateral root number is negatively correlated with transcript levels of MtCEP1 and 
MtCEP2 
The role of MtCEP genes during lateral root development was investigated using RNAi 
constructs and A. rhizogenes-mediated root transformation of M. truncatula. RNAi-mediated 
silencing of MtCEP1 alone did not yield observable phenotypic differences (data not shown) 
which could be due to CEP gene redundancy. qRT–PCR analysis (Fig. 3.1) showed that 
MtCEP1, 2, 5, 6, 8, and 11 have similar expression patterns, and MtCEP1, 2, 5, and 11 had 
relatively higher expression levels in M. truncatula roots. Since these genes had similar 
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expression patterns and accounted for a substantial proportion of the N limitation-induced CEP 
expression in roots, MtCEP1, 2, 5, and 11 were chosen for RNAi-mediated silencing using 
pHellsgate8 (Helliwell and Waterhouse, 2003) and microRNA (miRNA)-induced gene silencing 
(MIGS) (Felippes et al., 2012). RNAi lines containing the pHellsgate8-MtCEP1,2,5,11 construct 
showed approximately two-fold higher increased lateral root numbers compared with the control 
(Fig. 3.4). qRT–PCR confirmed the silencing of MtCEP genes and the analysis showed that 
MtCEP1 and MtCEP2 transcripts were significantly (P < 0.05) down-regulated 6- and 11-fold, 
respectively, when compared with the GUS control (Fig. 3.4D). MtCEP5 and MtCEP11 did not 
show significant changes in expression levels. MIGS-based gene silencing was also used for 
these genes and, similar to the pHellsgate8 system, transgenic roots containing the MIGS-
MtCEP1,2,5,11 construct showed a significant increase in lateral root numbers but not in nodule 
numbers (Fig. 3.4C; Appendix Fig. 1.7). The silencing effect of the MIGS-MtCEP1,2,5,11 
construct on the MtCEP transcripts was also similar to that obtained with the pHellsgate8 system 
(Fig. 3.4E). The enhanced root growth for these silencing lines is similar to the phenotype 
observed for AtCEP3 knockout in Arabidopsis (Delay et al., 2013), which is consistent with 
CEPs being negative regulators of root growth. 
 
3.4.4 The ectopic expression of MtCEP1 or exogenous application of synthetic peptides 
induces periodic circumferential cell proliferation sites 
Medicago truncatula roots transformed with 35S:MtCEP1 or treated with the synthetic MtCEP1 
peptide formed periodic root swellings typified by circumferential cell proliferations (CCPs) 
(Fig. 3.5). On peptide-treated plants, CCP sites are formed from day 4 onwards after 1-day-old 
germinated seedlings were transferred to the MtCEP1 peptide-containing plates. The treatment of
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Figure 3.4: The effect of silencing MtCEP genes on the formation of lateral roots and 
nodules and MtCEP transcript levels in M. truncatula roots. These plants were grown for 3 
weeks post-transformation on plates containing Fåhraeus medium with 5 mM KNO3 and 
appropriate antibiotics, and then transferred to plates containing Fåhraeus medium with 0.25 mM 
KNO3 and grown further for 3 weeks. (A) The transgenic roots of composite A17 plants. (B and 
C) Average lateral organ (root and nodule) numbers. (D and E) The relative transcript levels of 
MtCEP1, 2, 5, and 11. n ≥3. Student’s t-test; *P < 0.05; ***P < 0.001; n.s., not significant. Error 
bars indicate the SE.  
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M. truncatula was determined by scoring the number of CCP 
sites over time in several indepe dent me surements under 
different conditions, and it was found to be ~24 h. The CCP 
sites often exhibited increased root hair density (Fig. 5B, C, 
E). Maximum CCP site generation was induced by the appli-
cation of the 15 amino acid MtCEP1 peptide with its expected 
proline hydoxylations, whereas all MtCEP1 peptide struc-
tural variants tested imparted significantly lower, or no, CCP 
sites (Fig. 3H). For example, the peptide with the C-terminal 
deletion of histidine did not impart any detectible phenotype 
and was indistinguishable from untreated wild-type plants, 
and this indicated that this residue was obligatory for bio-
logical activity. The timing of the appearance of the youngest 
CCP sites and their proximity to the root tip showed that they 
initiated between the root tip and the earliest formed differen-
tiated tissues (Fig. 5C, E). This is likely to be significant since 
the cells that give rise to lateral roots and root nodules occur 
between the root tip and the differentiated tissue. The results 
also show that there was congruency between the ability (or 
inability) of a particular peptide to inhibit lateral root forma-
tion and induce CCP site formation.
Confocal microscopy indicated that the CCP sites induced 
by MtCEP1 overexpression were ~40% wider than the nor-
mal root diameter (Fig. 5G–I; Supplementary Fig. S3C at 
JXB online) and that the increased root girth at CCP sites 
was attributable to limited cortical, epidermal, and pericycle 
cell division and the formation of  an extra cortical cell layer 
(Fig.  5G versus F). The nucleus was centrally located in 
many CCP site cells (Fig. 5H). Counting cells in a 200 μm2 
area at several CCP sites indicated a >2-fold increase in 
cortical cell number density compared with non-CCP sites 
(Fig. 5J).
Serial vibratome sectioning was used to examine any 
potential relationship between lateral root and CCP site for-
mation. Sectioning was conducted over several centimetres of 
>60 plants in areas of root that contained an average of six 
CCP sites. Due to their relatively large size, pre-emergent lat-
eral roots at later stages of development are easily observable 
in M. truncatula using this strategy. The results showed that 
at the majority of CCP sites (80%), there was no evidence 
of observable emerging or pre-emerging lateral roots. Serial 
sectioning and confocal microscopy showed that the inter-
vening root segments between the CCP sites showed normal 
cell patterning and root girth and also no observable lateral 
root formation. However, ~20% of CCP sites contained lat-
eral organs resembling lateral roots that appeared arrested 
at various stages of development. Most of these organs 
contained small cells that resulted from multiple periclinal 
and anticlinal divisions, and vascular connections were not 
observed (Fig. 5I) irrespective of their developmental stage. 
When lateral roots did emerge and grew on MtCEP1 pep-
tide-treated plants, they mostly occurred on the parts of the 
root more proximal to the hypocotyl, but some lateral roots 
were observed to emerge from CCP sites. Therefore, MtCEP1 
imposed a deficiency both in lateral number and in the forma-
tion of readily observable pre-emergent lateral roots in areas 
of the root bearing CCP sites.
To test the possibility that CCP sites represented sites where 
lateral roots would have emerged, CCP sites that had already 
formed by MtCEP1 overexpression were marked with a black 
Fig. 4. The effect of silencing MtCEP genes on the formation of lateral roots and nodules and MtCEP transcript levels in M. truncatula 
roots. These plants were grown for 3 weeks post-transformation on plates containing Fåhraeus medium with 5 mM KNO3 and 
appropriate antibiotics, and then transferred to plat s containing Fåhraeus medium with 0.25 mM KNO3 and grown further for 3 weeks. 
(A) The transgenic roots of composite A17 plants. (B and C) Average lateral organ (root and nodule) numbers. (D and E) The relative 
transcript levels of MtCEP1, 2, 5, and 11. n ≥3. Student’s t-test; *P < 0.05; ***P < 0.001; n.s., not significant. Error bars indicate the SE.
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Figure 3.5: Formation of periodic CCP sites caused by ectopic expression of MtCEP1 or 
exogenous application of synthetic peptides.! (A) Control root showing normal root 
development. (B and C) Periodic CCP sites (arrows) caused by MtCEP1 overexpression. The 
visible, co-transformed, marker GFP is shown in C. (D and E) Periodic CCP sites (white 
arrowheads) caused by synthetic MtCEP1 peptide!(E) compared with no peptide control (D). (F–
I) Confocal imaging of a transgenic root overexpressing MtCEP1. A non-CCP site (F). CCP sites 
without lateral root formation at different focal depths (G and H) and a CCP site containing a 
non-emerged lateral root (I). Four!and five cortical cell layers are seen in F and G, respectively. 
Central nuclei are seen in H. (J) The number of cortical cells is significantly increased at CCP 
sites compared with non-CCP sites. n ≥3. Student’s t-test; ***P < 0.0001. Error bars indicate the 
SE. (K) Emergence of lateral roots from CCP sites (pre-marked with ink) when the root tips were 
cut from MtCEP1-overexpressing composite plants. The same plant is imaged at day 0, day 2, 
and day 4 post-root tip excision. Yellow arrowheads show lateral roots emerging from CCP sites 
within 4 d. Arrows indicate the direction of the growth of emerged lateral roots. Scale bars=200 
μm in A–C and F–I, and 1 mm in D and E.  
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dye and then the root tip was excised (3 mm) to release api-
cal dominance. This esulted, within 24–48 h, in lateral roots 
emerging from some CCP sites, but never between them. On 
average, ~24% of the CCP sites formed lateral roots when the 
root tip was cut (Fig. 5K). Although several CCP sites gener-
ated lateral roots, lateral root number was not fully restored 
to that occurring on control plants (transformed with a vector 
control) where the root tip was also excised. Therefore, lateral 
root initiation and/or emergence was promoted by removal 
of the root tip in MtCEP1-overexpressing plants but not 
restored fully to wild-type levels, indicating that the MtCEP1 
peptide continued to suppress lateral root formation even 
though apical dominance was removed. It was no  possible 
to determine whether the lateral roots ar se from a continua-
tion of growth of the putative stunted organs or from de novo 
lateral root formation.
Nodulation is enhanced by ectopic expression of 
MtCEP1 or by peptide application
The effect of overexpressing MtCEP1 on nodule organo-
genesis was also scored. Although MtCEP1 clearly inhibited 
lateral root formation, this regulatory peptide promoted root 
nodule formation. The data showed a 75–310% increase in 
Fig. 5. Formation of periodic CCP sites caused by ectopic expression of MtCEP1 or exogenous application of synthetic peptides. 
(A) Control root showing normal root development. (B and C) Periodic CCP sites (arrows) caused by MtCEP1 overexpression. The visible, 
co-transformed, marker GFP is shown in C. (D and E) Periodic CCP sites (white arrowheads) caused by synthetic MtCEP1 peptide 
(E) compar d with no peptide control (D). (F–I) Confocal imaging of  transgeni  root overexpressing MtCEP1. A non-CCP site (F). CCP 
sites without lateral root formation at different focal depths (G and H) and a CP site containing a non-emerged lateral root (I). Four 
and five cortical cell layers are seen in F and G, respectively. Central nuclei are seen in H. (J) The number of cortical cells is significantly 
increased at CCP sites compared with non-CCP sites. n ≥3. Student’s t-test; ***P < 0.0001. Error bars indicate the SE. (K) Emergence of 
lateral roots from CCP sites (pre-marked with ink) when the root tips were cut from MtCEP1-overexpressing composite plants. The same 
plant is imaged at day 0, day 2, and day 4 post-root tip excision. Yellow arrowheads show lateral roots emerging from CCP sites within 4 
d. Arrows indicate the direction of the growth of emerged lateral roots. Scale bars=200 μm in A–C and F–I, and 1 mm in D and E.
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other legumes (e.g. M. sativa, subterranean clover and white clover) with the MtCEP1 peptide 
also induced periodic CCPs (Appendix Fig. 1.6), indicating that MtCEP1 biological activity has 
cross-species activity. The periodicity of CCP site formation in M. truncatula was determined by 
scoring the number of CCP sites over time in several independent measurements under different 
conditions, and it was found to be ~24h. The CCP sites often exhibited increased root hair 
density (Fig. 3.5B, C, E). Maximum CCP site generation was induced by the application of the 
15 amino acid MtCEP1 peptide with its expected proline hydoxylations, whereas all MtCEP1 
peptide structural variants tested imparted significantly lower, or no, CCP sites (Fig. 3.3H). For 
example, the peptide with the C-terminal deletion of histidine did not impart any detectible 
phenotype and was indistinguishable from untreated wild-type plants, and this indicated that this 
residue was obligatory for biological activity. The timing of the appearance of the youngest CCP 
sites and their proximity to the root tip showed that they initiated between the root tip and the 
earliest formed differentiated tissues (Fig. 3.5C, E). This is likely to be significant since the cells 
that give rise to lateral roots and root nodules occur between the root tip and the differentiated 
tissue. The results also show that there was congruency between the ability (or inability) of a 
particular peptide to inhibit lateral root formation and induce CCP site formation. 
 
Confocal microscopy indicated that the CCP sites induced by MtCEP1 overexpression were 
~40% wider than the normal root diameter (Fig. 3.5G–I; Appendix Fig. 1.3C) and that the 
increased root girth at CCP sites was attributable to limited cortical, epidermal, and pericycle cell 
division and the formation of an extra cortical cell layer (Fig. 3.5G versus F). The nucleus was 
centrally located in many CCP site cells (Fig. 3.5H). Counting cells in a 200 µm2 area at several 
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CCP sites indicated a >2-fold increase in cortical cell number density compared with non-CCP 
sites (Fig. 3.5J). 
 
Serial vibratome sectioning was used to examine any potential relationship between lateral root 
and CCP site formation. Sectioning was conducted over several centimetres of >60 plants in 
areas of root that contained an average of six CCP sites. Due to their relatively large size, pre-
emergent lateral roots at later stages of development are easily observable in M. truncatula using 
this strategy. The results showed that at the majority of CCP sites (80%), there was no evidence 
of observable emerging or pre-emerging lateral roots. Serial sectioning and confocal microscopy 
showed that the intervening root segments between the CCP sites showed normal cell patterning 
and root girth and also no observable lateral root formation. However, ~20% of CCP sites 
contained lateral organs resembling lateral roots that appeared arrested at various stages of 
development. Most of these organs contained small cells that resulted from multiple periclinal 
and anticlinal divisions, and vascular connections were not observed (Fig. 3.5I) irrespective of 
their developmental stage. When lateral roots did emerge and grew on MtCEP1 peptide-treated 
plants, they mostly occurred on the parts of the root more proximal to the hypocotyl, but some 
lateral roots were observed to emerge from CCP sites. Therefore, MtCEP1 imposed a deficiency 
both in lateral number and in the formation of readily observable pre-emergent lateral roots in 
areas of the root bearing CCP sites. 
 
To test the possibility that CCP sites represented sites where lateral roots would have emerged, 
CCP sites that had already formed by MtCEP1 overexpression were marked with a black dye and 
then the root tip was excised (3mm) to release apical dominance. This resulted, within 24–48 h, 
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in lateral roots emerging from some CCP sites, but never between them. On average, ~24% of 
the CCP sites formed lateral roots when the root tip was cut (Fig. 3.5K). Although several CCP 
sites generated lateral roots, lateral root number was not fully restored to that occurring on 
control plants (transformed with a vector control) where the root tip was also excised. Therefore, 
lateral root initiation and/or emergence was promoted by removal of the root tip in MtCEP1-
overexpressing plants but not restored fully to wild-type levels, indicating that the MtCEP1 
peptide continued to suppress lateral root formation even though apical dominance was removed. 
It was not possible to determine whether the lateral roots arose from a continuation of growth of 
the putative stunted organs or from de novo lateral root formation. 
 
3.4.5 Nodulation is enhanced by ectopic expression of MtCEP1 or by peptide application 
The effect of overexpressing MtCEP1 on nodule organogenesis was also scored. Although 
MtCEP1 clearly inhibited lateral root formation, this regulatory peptide promoted root nodule 
formation. The data showed a 75–310% increase in nodule numbers formed on composite plant 
roots overexpressing MtCEP1 compared with controls when they were infected by S. meliloti 
strain 1021 grown at either 20 °C or 25 °C (Fig. 3.6A). There was also a significant increase in 
nodulation in plants inoculated with the highly effective strain WSM1022, but the magnitude of 
the increase was less (Fig. 3.6B). WSM1022 induces nodules which develop faster and fix more 
N than S. meliloti strain 1021 (Terpolilli et al., 2008; Saur et al., 2011). Continuous exposure of 
plants to MtCEP1 peptide followed by rhizobial inoculation also increased root nodule number. 
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Figure 3.6: MtCEP1 overexpression or peptide addition increases nodulation and promotes 
nodule development at different nitrate concentrations. (A) Comparison of nodulation 
between MtCEP1-overexpressing plants and control plants when inoculated with!S. meliloti strain 
1021. (B) Partial nitrate tolerance of nodule development induced by S. meliloti WSM1022 on 
MtCEP1-overexpressing plants. Three-week-old composite plants were inoculated and scored 2 
weeks post-inoculation. n ≥30. (C) Acetylene reduction assay. MtCEP1-treated (1 μM) and non-
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Fig. 6. MtCEP1 overexpression or peptide addition increases nodulation and promotes nodule development at different nitrate 
concentrations. (A) Comparison of nodulation between MtCEP1-overexpressing plants and control plants when inoculated with 
S. meliloti strain 1021. (B) Partial nitrate tolerance of nodule developme t induced by S. meliloti WSM1022 on MtCEP1-overexpressing 
plants. Three-week-old composite plants were inoculated and scored 2 weeks post-inoculation. n ≥30. (C) Acetylene reduction assay. 
MtCEP1-treated (1 μM) and non-treated wild-type plants grown in Fåhraeus medium were harvested at 2 weeks post-inoculation by 
WSM1022. Nitrogenase activity was calculated from peak areas of samples relative to acetylene and ethylene standards to obtain 
nmol ethylene min–1. n ≥3. (D) Effect of MtCEP1 peptide application on nodulation. Plants were grown in 0.8% agar-containing plates 
supplemented with Fåhraeus medium with or without peptides. Five-day-old seedlings were inoculated with S. meliloti strain WSM1022 
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treated wild-type plants grown in Fåhraeus medium were harvested at 2 weeks post-inoculation 
by WSM1022. Nitrogenase activity was calculated from peak areas of samples relative to 
acetylene and ethylene standards to obtain!nmol ethylene min–1. n ≥3. (D) Effect of MtCEP1 
peptide application on nodulation. Plants were grown in 0.8% agar-containing plates 
supplemented with Fåhraeus medium with or without peptides. Five-day-old seedlings were 
inoculated with S. meliloti strain WSM1022 and grown for a further 2 weeks. MtCEP1, 
AFQ(P)TTPGNS(P)GVGH; MtCEP1 G→A, AFQ(P)TTPANS(P)GVGH. (P) is 
hydroxylproline.! (E) Inoculation of plants with pre-formed CCPs results in root nodule formation 
at CCP sites at 25 mM KNO3 at 14 d post-inoculation. Arrowhead, CCP sites; arrows, nodules. 
(F) Representative nodule sections from MtCEP1 peptide-treated and untreated plants grown at 
either 0, 5, or 25 mM KNO3 for 3 weeks. Scale bars=100 μm. Plants were grown at 20 °C. 
Student’s t-test; *P < 0.05; **P < 0.01; ***P < 0.001. Error bars indicate the SE. 
 
Nodule number is strictly controlled in legumes by an autoregulatory mechanism (which 
prevents overnodulation) and by the N status of the root (Carroll et al., 1985). The 
developmental susceptibility of legume roots is also predominantly restricted to cells occurring 
in the zone of elongation (Bhuvaneswari et al., 1980; Sargent et al., 1987). Therefore, the 
developmental susceptibility of legumes is maximal in plants grown under low (<1mM) N or 
under N starvation, and the suppressive effects of nitrate on root nodule number, development, 
leghaemoglobin production, and nitrogen fixation, particularly above 3mM, are well 
documented. Leghaemoglobin production is also an important indicator of symbiotic capacity 
(Roponen, 1970; Legocki and Verma, 1980; Ott et al., 2005; Madsen et al., 2010). Therefore, the 
effect of MtCEP1 on symbiotic capacity was measured by the frequency of pink 
(leghaemoglobin-containing) nodules forming at 5mM and 25mM KNO3. The results showed a 
significantly higher numbers of pink nodules on plants overexpressing MtCEP1 or exposed to 1 
µM MtCEP1 peptide compared with controls (Appendix Fig. 1.8A, B). At 5mM and 25mM 
KNO3, the nodule numbers formed on roots overexpressing MtCEP1 were increased 
significantly (e.g. 10-fold higher at 25mM KNO3; Fig. 3.6B). A similar trend was observed when 
1 µM MtCEP1 peptide was applied to the plants but not after the application of the MtCEP1 
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peptide where Gly8 was replaced with alanine (Fig. 3.6D; Appendix Fig. 1.3D). Across all 
nitrate regimes, nodules were larger on MtCEP1 peptide-treated roots than on control plants (Fig. 
3.6F) or plants treated with the MtCEP1 peptide where Gly8 was replaced with alanine (Fig. 
3.6D), and they developed ~2 d faster than the controls. At 3 weeks post-inoculation with S. 
meliloti, a clear bacteroid-containing zone was apparent in nodule sections on MtCEP1 peptide-
treated plants at 0 and 5mM nitrate, and nodules often spanned two xylem poles (Fig. 3.6F). 
Nodules forming at 25mM nitrate on the MtCEP1-treated plants also possessed leghaemoglobin, 
whereas controls did not (Fig. 3.6F). The inoculation of rhizobia onto plants grown at 25mM 
nitrate with pre-formed CCPs (due to overexpressing MtCEP1 or treated with MtCEP1 peptide) 
resulted in nodules being induced at, but not between, these CCP sites even though they occurred 
in the mature root zone (Fig. 3.6E). The results showed that for plants exposed to elevated 
MtCEP1 by overexpression or ectopic application, the susceptibility to infection by S. meliloti 
and nodulation ability was more tolerant to nitrate, and overall nodulation development was 
enhanced at the different nitrate levels tested. 
 
To confirm further the enhancement of nodulation by MtCEP1 addition, the nitrogenase activity 
was measured. The results showed a significant increase in the nitrogenease activity from 35% at 
0mM KNO3 to 200% at 5mM KNO3 when 1 µM MtCEP1 peptides were applied (Fig. 3.6C). 
Although nitrogenase activity reflects nodule functionality, the overall results show that MtCEP1 
overexpression or peptide addition enhances all aspects of root nodule formation. The increased 
number of nodules formed at 25mM nitrate and their formation at pre-formed CCP sites suggests 
that these sites show elevated susceptibility for root nodule formation, and this partial nitrate 
tolerance for nodulation imparted by MtCEP1 could have beneficial agricultural outcomes. 
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3.4.6 Identification of genes that are differentially expressed by MtCEP1 overexpression 
using RNA-Seq analysis 
RNA-Seq analysis is being used increasingly for global gene expression profiling as it allows 
unbiased quantification of transcript levels with a higher sensitivity and broader genome 
coverage than microarrays (Mortazavi et al., 2008). RNA-Seq analysis was performed on hairy 
roots overexpressing MtCEP1 and the vector control at 3 weeks after inoculation of A. 
rhizogenes to identify putative genes affected by MtCEP1 overexpression. This time point is 
ideal because lateral roots are well established around week 3 after hairy root transformation on 
control plants and the effects of MtCEP1 overexpression on lateral root development are evident. 
Approximately 51–79 million raw RNA-Seq reads were generated for each individual sample, 
and 39–59 million reads were mapped to the current M. truncatula reference genome assembly 
(Appendix Table 1.3). 
 
Using gene enrichment analysis (Subramanian et al., 2005), 20 and six gene sets were shown to 
be associated negatively or positively with MtCEP1 overexpression (Benjamini–Hochberg FDR, 
P < 0.05; Appendix Fig. 1.9). One of the positively associated sets is oxygen transport due to an 
up-regulation of non-symbiotic leghaemoglobin. Six of the negatively associated gene sets are 
predominantly composed of defence response and pathogen resistance genes or genes associated 
with defence responses. Other negatively associated gene sets are consistent with a reduction of 
overall root system growth, including cell wall-modifying enzymes and lignin biosynthesis genes 
(Appendix Fig. 1.9). 
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Eighty-nine and 116 predicted genes were significantly up- and down-regulated (≥2-fold; 
Benjamini–Hochberg FDR, P < 0.01), respectively, in the MtCEP1-overexpressing roots 
compared with vector control roots (Appendix Table 1.4). The RNA-Seq confirmed the 
overexpression of MtCEP1 in the hairy roots; MtCEP1 transcript levels increased >600-fold and 
this is consistent with qRT–PCR measurements (Appendix Fig. 1.3A). In the MtCEP1-
overexpressing roots, eight and seven genes that encode transcription regulators were 
significantly up- or down-regulated, respectively (Table 3.1). A close homologue 
(contig_89471_1.1) of the transcription factor LOB29 was up-regulated. LOB29 regulates crown 
root formation in rice (Inukai et al., 2005; Liu et al., 2005). The Arabidopsis homologue of the 
same gene regulates lateral root formation through mediating the cell cycle progression in 
response to auxin in Arabidopsis (Okushima et al., 2007; Feng et al., 2012). A homologue 
(Medtr4g070640.1) of rice TIE-DYED1, which encodes a novel, phloem-expressed 
transmembrane protein that functions in carbohydrate partitioning (Ma et al., 2009), was the 
most up-regulated gene (>30-fold). Two close homologues (Medtr5g072980.1 and 
Medtr5g072930.1) of SUPERROOT2 (At4g31500) were also up-regulated. Mutations in 
SUPERROOT2, which encodes a cytochrome P450 protein, led to a change in auxin homeostasis 
and, as a result, lateral roots were dramatically increased (Delarue et al., 1998). Interestingly, the 
most down-regulated transcript in the MtCEP1-overexpressing roots was MtCEP8 
(AC233112_1014.1; Appendix Table 1.4) which belongs to the MtCEP family and has a similar 
expression pattern to MtCEP1. This may be indicative of negative feedback and this could have 
implications for RNAi strategies. 
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Transcripts Reads (FPKM) Log 
FC 
FDR 
P-value 
Description 
MtCEP1ox Vector control 
Upregulated      
contig_82104_1 7.41  0.36 4.35 0.002 Ethylene responsive 
transcription factor 1b 
contig_13371_1 14.05  2.90 2.27 0.001 Type-A response regulator 
Medtr8g101650 13.71 3.67 1.90 0.001 MYB transcription factor 
Medtr3g099180 7.80  2.26 1.79 0.006 Nuclear transcription factor 
Y subunit C-1 (HAP5) 
Medtr4g106590 18.98 5.66 1.75 0.003 Response regulator MtRR8 
contig_89471_1 18.56  5.70 1.70 0.005 LOB29-like protein 
Medtr7g109510 34.96  13.46 1.41 0.010 bZIP transcription factor 
bZIP60 
Medtr2g014300 62.64  24.16 1.37 0.006 Ethylene responsive 
transcription factor 
      
Downregulated      
Medtr7g090100 0.07 1.68 -4.6 0.000 AP2/EREBP transcription 
factor BABY BOOM 
contig_164163_1 1.82 15.47 -3.1 0.000 Flower promoting factor-like 
protein 
contig_237963_1 0.45 4.92 -3.4 0.003 WRKY transcription factor 
contig_103831_1 0.79 5.28 -2.7 0.007 MYB transcription factor 
Medtr7g104480 0.32 2.03 -2.7 0.006 Abscisic acid insensitive  
Medtr2g034250 2.33 8.21 -1.8 0.003 DELLA protein GAI 
contig_13967_1 10.01 27.56 -1.5 0.009 MYB transcription factor 
Table 3.1: A list of transcription regulators that were differentially regulated by MtCEP1 
overexpression in M. truncatula roots. 
 
3.5 Discussion 
MtCEP1 is regulated by nutritional status and is expressed during the development of side 
organs. The independent up-regulation of MtCEP1 expression by high CO2 and N 
starvation/limitation and the reduced expression in the presence of moderate N levels (e.g. 
>5mM KNO3) indicated that MtCEP1 expression responds to external low N and high CO2 
levels independently. The MtCEP1 expression patterns are also consistent with those in the 
Medicago gene expression atlas (Benedito et al., 2008). MtCEP1 is expressed in the zone of 
elongation, which is the site of maximal developmental sensitivity to rhizobia, and also during 
early nodule development. MtCEP1 expression is strongly down-regulated in nodules as they 
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progressively mature and in the adjacent root (Fig. 3.2G, H), but not in nearby lateral roots. The 
assimilated products of nitrogen fixation may be responsible for this MtCEP1 down-regulation. 
This is consistent with the response of MtCEP1 levels to the different sources of organic N (Fig. 
3.1F). 
 
Overexpression of MtCEP1, or the addition of its 15 amino acid predicted product, imparts a 
unique combination of root phenotypes on M. truncatula and other legumes (Figs 3.3, 3.5–3.6; 
Appendix Figs 1.4–1.6, 1.8). The deletion or alteration of key residues, or the removal of 
hydroxyl groups from proline residues of the 15 amino acid domain, either abolishes or 
diminishes the phenotypes. Down-regulating MtCEP1 and MtCEP2 using RNAi shows that these 
genes negatively regulate lateral root number. These results mirror the overall phenotypes 
resulting from AtCEP3 overexpression and gene knockout studies in Arabidopsis (Delay et al., 
2013). Although lateral root numbers are significantly increased when MtCEP1 and MtCEP2 
transcripts are knocked-down, RNAi-mediated silencing of MtCEP1 (mtrnai.msi.umn.edu) did 
not show any observable phenotypic changes (data not shown). Therefore, some level of gene 
redundancy cannot be excluded. Collectively the results suggest that CEPs negatively regulate 
lateral root growth. In M. truncatula, the strong and persistent MtCEP1 inhibition of lateral root 
formation is partly dependent upon apical dominance, but, even when apical dominance is 
removed, MtCEP1 still inhibits lateral root formation since it does not return to control levels 
(Fig. 5K). This indicates that MtCEP1 peptide may act locally. 
 
MtCEP1 overexpression or treatment of roots with MtCEP1 peptide impart greater susceptibility 
of Medicago to root nodulation, even at nitrate concentrations that strongly suppress nodule 
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number, development, and function (Carroll et al., 1985; Reid et al., 2011). At 25mM nitrate, 
nodule formation occurs at pre-formed CCP sites. This suggests that under these conditions the 
cells at CCP sites in mature root areas are developmentally competent for nodulation. Normally, 
the developmental susceptibility of cells of roots to nodulation is restricted to the cells near the 
root tip (Bhuvaneswari et al., 1980; Desbrosses and Stougaard, 2011), although some legumes 
can form nodules at the mature zone (Mathesius et al., 2000). Therefore, the normal 
developmental and temporal barriers to nodule formation are partially alleviated in plants 
overexpressing MtCEP1 or where MtCEP1 peptides are added, and thus the enhanced nodulation 
ability could translate to important agronomic outcomes. The expression of MtCEP1 in the zone 
of elongation at low N levels may implicate this gene in conditioning legume roots to become 
susceptible to Nod factor signals from rhizobia. However, the silencing MtCEP1 and MtCEP2 
transcripts did not decrease the nodulation levels to below those of control plants, and this 
suggests that the MtCEP1-dependent enhancement of nodulation is indirect or that its function is 
redundant. 
 
MtCEP1 overexpression leads to up- and down-regulation of several genes with known roles in 
lateral root formation including close homologues of LOB29, SUPERROOT2, GLUTAMATE 
RECEPTOR, BABY BOOM, and FLOWERING PROMOTING FACTOR. However, whether 
MtCEP1 directly regulates these genes or not requires further investigation. 
 
3.6 Conclusion 
Ohyama et al. (2008) reported that the AtCEP1 peptide controls main root growth and lateral 
root elongation in Arabidopsis. In contrast, in M. truncatula, MtCEP1 has no detectable effect on 
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main root growth but it promotes CCP site formation, enhances nodulation, and inhibits emerged 
lateral root number, resulting in a unique combination of phenotypes. The presence of CEP 
coding genes in root knot nematodes is interesting in this regard (Bobay et al., 2013; Delay et al., 
2013). Further analysis is required to determine precisely MtCEP1 effects on lateral root 
initiation. Taken together with results from Arabidopsis (Ohyama et al, 2008; Delay et al 2013), 
CEP genes are likely to be useful traits to target for manipulating root architecture. 
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4 RESULTS: NODULATION ENHANCEMENT BY ELEVATED LEVELS OF 
MTCEP1 REQUIRES FUNCTIONAL EIN2-MEDIATED ETHYLENE 
SIGNALING PATHWAY 
 
4.1 Overview 
Ethylene regulates local regulation of nodule development by mediating the positional controls 
during nodulation. The M. truncatula mutant of ETHYLENE INSENSITIVE 2 (EIN2) gene, 
which is defective in ethylene signaling pathway, shows hypernodulation phenotype with fused 
nodules. Previously, we have shown increased nodule formation on roots with elevated levels of 
MtCEP1 (by overexpressing MtCEP1 or treating roots with MtCEP1 peptide). In this chapter, 
the phenotypes of nodules grown in the presence of elevated MtCEP1 levels were further 
analyzed to suggest reduced ethylene signaling response. Apart from the increased number of 
nodules, the nodules on roots grown with MtCEP1 levels were observed to be fused and formed 
within wider nodulation zone compared to the controls. Using the sickle mutant, we have 
demonstrated that EIN2 is required for the enhanced nodulation phenotype by MtCEP1. This is 
also corroborated by the reduced pseudonodule formation in the presence of MtCEP1 peptide. 
Furthermore, the nodules are partially insensitive to inhibition by the ethylene precursor, ACC. 
This partial ethylene insensitivity is also observed with the reduced thigmotropism and 
gravitropism.  Therefore, this suggests that the elevated MtCEP1 levels require EIN2 for 
nodulation enhancement. 
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4.2 Introduction 
The CEP peptide family regulates plant development, including the extent of root growth in 
response to environmental cues (Ohyama et al., 2008; Delay et al., 2013; Roberts et al., 2013; 
Imin et al., 2013; Tabata et al., 2014). Recently, using split root studies in Arabidopsis, CEPs 
were shown to be key root-to-shoot signals that are produced under low N conditions to initiate a 
systemic response. The outcome of this systemic system is the upregulation of the expression of 
key nitrate transporters in distal roots in more favorable N conditions (Tabata et al., 2014). 
Grafting experiments using CEP receptor mutants with split roots indicated that CEP perception 
occurred in the shoot and, as a result, the shoot generated an unknown shoot-to-root signal that 
differentially promoted high affinity N transport activity on roots in a higher N regime (Tabata et 
al., 2014). These results clearly demonstrated that CEPs are involved in systemic regulatory 
circuits that control root deployment and concurrently the expression of key nitrate transporters. 
Consistent with a role for CEPs in controlling overall root architecture, an Arabidopsis mutant 
defective in CEP3 showed altered root development under a range of N levels and other stress 
conditions (Delay et al., 2013). 
 
In Chapter 3, MtCEP1 was shown to be upregulated in M. truncatula roots exposed to N 
limitation and to modulate lateral root and nodule development. Overexpressing MtCEP1 or 
growing wild-type plants in the presence of 1µM synthetic MtCEP1 led to an increased number 
of nodules that were also partially tolerant to the well-known inhibitory effects of high nitrate (> 
2 mM) on root nodule initiation and formation (Imin et al., 2013). The coupling of MtCEP1 
expression to low N has been proposed to be a possible cause for roots to be more 
developmentally susceptible to nodule formation (Imin et al., 2013) (i.e. plants with elevated 
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CEP expression level were proposed to continue the maintenance of the developmental 
competency of legumes for nodulation). In addition, nodulation competency is known to be tied 
to low N conditions and suppressed by high N. However, the precise mechanism for nodulation 
enhancement by elevated MtCEP1 levels is unknown. Therefore, in this chapter, the primary 
objective is to explore possible downstream components that underpin the nodulation 
enhancement phenotype mediated by elevated levels of MtCEP1 peptide. A possible role for 
MtCEP1 in negatively regulating the ethylene signaling pathway is explored. In addition, the 
mechanisms that enable MtCEP1 levels to differentially modulate nodule and lateral root 
formation is also explored. 
 
Nodule development and number are regulated by systemic and local pathways. The systemic 
pathway, which is also called autoregulation of nodulation (AON), is coupled to the production 
of Rhizobium-induced and nodulation pathway-associated CLE peptides. The systemic AON 
pathway inhibits further nodule initiation once the sufficient nodules are form. This AON 
systems is dose-dependent and the AON CLEs are induced rapidly during the early stages of 
nodulation but AON is thought to take ~ 24-120 h to fully establish (van Noorden et al., 2006; 
Suzuki et al., 2007; Calvert et al., 1984; Reid et al., 2011; Sargent et al., 1987).  In Lotus 
japonicus, the Rhizobium-induced and nodulation pathway-associated LjCLE-RS2 peptide has 
been shown to travel from young nodules to the shoots (Okamoto et al., 2013) presumably along 
with LjCLE-RS1, which serves a similar function, although the latter has not been formally 
demonstrated. Functional homologues of LjCLE-RS1 and LjCLE-RS2 include MtCLE12 and 
MtCLE13 in M. truncatula; GmRIC1 and GmRIC2 in soybean; and PvRIC1 and PvRIC2 in 
common bean (Okamoto et al., 2009; Mortier et al., 2010; Reid et al., 2011; Ferguson et al., 
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2014). LjCLE-RS2 has been shown to be perceived in the shoot by an LRR-RLK (leucine-rich 
repeat receptor-like kinase) HAR1 (hypernodulation aberrant root 1), which subsequently 
produces an unknown shoot-to-root signal, called shoot derived inhibitor (SDI), currently 
thought to be a cytokinin (Sasaki et al., 2014). SDI inhibits further nodulation (Reid et al., 2011) 
at a time when the first formed nodules are 48-120 h old (depending upon the legume system). 
Therefore, AON is induced when nodules are not yet emerged from the root or begun to fix 
nitrogen. In M. truncatula, MtCLE12 and MtCLE13 interact with an LRR-RLK receptor called 
SUNN (super numeric nodules) to mediate the autoregulation pathway (Schnabel et al., 2005). 
The functional homologues of LjHAR1 and MtSUNN are GmNARK (nodule autoregulation 
receptor kinase) in soybean, PvNARK in common bean and SYM29 in pea (Krusell et al. 2002; 
Nishimura et al. 2002; Searle et al. 2003; Schnabel et al. 2005; Ferguson et al. 2014). The null 
M. truncatula sunn4 mutant has a supernumerary nodulation phenotype, which is controlled by 
the genotype of the shoot (Schnabel et al., 2005).  
 
Currently, two local responses that negatively control nodule number have been identified. The 
first pathway is regulated by the high nitrate-induced CLE peptides: GmNIC1 and PvNIC1 (Reid 
et al., 2011; Ferguson et al., 2014). The second pathway is mediated though local ethylene-
dependent pathways. It is thought that GmNIC1 operates through a local by GmNARK-
dependent mechanism to control nodule number.  Therefore, this suggests that GmNARK 
controls both local (through GmNIC1) and systemic regulation of nodulation (through RIC1 and 
RIC2), although this has currently only been confirmed in soybean. Currently, there are no CLE 
mutants available in legumes to dissect the individual contribution of each CLE gene to the 
control of overall nodule numbers. In contrast, mutants that affect ethylene signal transduction, 
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such as sickle, show de-repressed nodule number. Since a sunn4/sickle double mutant displays 
further enhancement of nodule number above each of the individual parent lines, this 
demonstrates that two distinct pathways for regulating nodule development exist in Medicago 
(Penmetsa et al., 2003). 
 
The discovery of the sickle mutant in M. truncatula, which is defective in EIN2 (ETHYLENE 
INSENSITIVE 2) gene (Penmetsa et al., 2008), highlights the significance of EIN2-mediated 
signaling in nodule development. EIN2 is a transmembrane protein localized to the endoplasmic 
reticulum (Alonso et al., 1999; Bisson et al., 2009). In Arabidopsis, EIN2 is a central regulator in 
the ethylene signaling transduction pathway. Loss-of-function mutant ein2 mutants in 
Arabidopsis display strong ethylene insensitivity (Alonso et al., 1999). The signaling pathway 
starts with ethylene perception by ethylene receptors located in the ER membrane. The well-
characterized ETR1 (ETHYLENE RESPONSE 1) receptor predominantly mediates this 
response. When ethylene binds to ETR1, it induces conformational changes in CTR1 
(CONSTITUTIVE TRIPLE RESPONSE 1), which physically interacts with ETR1. These 
conformational changes result in the dephosphorylation of EIN2 as well as the subsequent 
cleaving of its C-terminal domain (Ju et al., 2012; Qiao et al., 2012; Wen et al., 2012). The 
cleaved C-terminal domain moves the nucleus to regulate the downstream transcription of 
ethylene-responsive genes (Wen et al., 2012; Qiao et al., 2012). The importance of EIN2 
regulation in the ethylene-mediated pathway is reflected in the altered sensitivity of the ein2 
mutant to environmental stresses (Wang et al., 2007). Thus EIN2 provides a critical signaling 
component for the ethylene pathway to mediate plant developmental responses.  
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In legumes, ethylene negatively regulates nodule development ‘locally’ in the root. The EIN2 
mutant, sickle, displays a hypernodulation phenotype and this results in the production of what 
have been called “fused nodules” which closely proliferate along the zone of nodulation 
(Penmetsa et al., 1998) rather than forming the well-spaced nodules found on wild type roots. 
Closer examination of sickle nodules revealed that ethylene modulates the spatial regulation of 
nodule initiation around the root and along the root axis. Expression of the ethylene biosynthesis 
enzyme, aminocyclopropane carboxylate (ACC) oxidase, which converts ACC to ethylene, is 
thought to be responsible for the spatial restriction of ethylene production to tissues adjacent to 
phloem poles which, then, predominantly restricts nodule initiation to tissues adjacent to xylem-
pole pericycle cells (Heidstra et al., 1997). This preferential positioning of nodule primordium is 
lost in the sickle mutant and both xylem- and phloem pole positioned nodules are observed 
(Penmetsa et al., 1998). This spatial regulation modulates nodule initiation at the zone of 
susceptibility, which is located in the elongation zone of the root tip (Bhuvaneswari et al., 1981; 
Bhuvaneswari et al., 1980). This zone is comprised of cells, which are susceptible to nodulation 
within a determined developmental window. Interestingly, the elongation zone in Arabidopsis is 
an important site for cellular developmental controls by various phytohormone regulators and 
also involves crosstalk with ethylene signalling (Jung and McCouch, 2013). In sickle, the 
ethylene insensitivity of the root results in increased number of persistent infections at the zone 
of susceptibility, thus increasing the number of nodule primordia (Penmetsa and Cook, 1998). 
These proliferating nodules form a very distinct nodulation zone, which expands radially without 
distinct nodule foci (Penmetsa et al., 2003). Recently, the ‘fused’ sickle nodules were shown to 
lack a meristem or to have a sub-functional meristem (Xiao et al, 2014) which suggests that 
EIN2 is necessary for a fully functional nodule meristem to form. Collectively, these 
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observations demonstrate the importance of the EIN2-mediated ethylene pathway in regulating 
nodule initiation and development and they point to negative and positive roles played by 
ethylene during nodule formation. 
 
The effects of ethylene on the early stages of nodule development involve cellular regulation. 
Oldroyd et al. (2001) showed that high ACC (at 10 µM) inhibits calcium spiking, which is part 
of the root response to nodule initiation. Studies in peas and M. truncatula have also shown that 
the progression of the infection thread is inhibited and subsequently aborted in the presence of 
high levels of ACC (Guinel and LaRue, 1992; Guinel et al, 1999; Penmetsa and Cook; 1997; 
Oldroyd et al, 2001). On the other hand, silver ions, which are ethylene perception inhibitors, 
enhance nodulation as observed in L. japonicus, siratro and pea (Caba et al., 1998; Guinel and 
LaRue, 1992; Nukui et al., 2000). Silver ions inhibit the ethylene signaling pathway by replacing 
the copper ion co-factor required for ethylene binding by the ethylene receptor, ETR1 (McDaniel 
and Binder, 2012). Silver treatment of pea resulted in more successful infection threads reaching 
the cortex thus producing more nodules (Guinel and LaRue, 1992). This ethylene-mediated 
regulation has also been postulated to regulate nitrate inhibition of nodulation since the rate of 
ethylene evolution is mediated by nitrate availability and rhizobial inoculation (Ligero et al., 
1986; Ligero et al., 1987; Caba et al., 1998; Ligero et al., 1999; Tian et al., 2009). Hence, 
several rhizobia utilize ethylene-reducing strategies by either synthesizing ethylene inhibitors or 
ACC degrading enzymes to facilitate the infection stage of nodulation (Ma et al., 2004). 
Therefore, the extent of ethylene-mediated responses in legume roots controls the cellular 
capacity of cells to initiate a primordium and form successful infection threads in order for the 
rhizobia to enter the roots for symbiosis. Therefore, this local regulation of nodulation by the 
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ethylene pathway provides a critical cellular control for nodule initiation occurring in the zone of 
nodulation susceptibility. 
 
Another EIN2-mediated pathway in M. truncatula is the formation of pseudonodules. In M. 
truncatula, roots exposed to auxin transport inhibitors such as NPA (N-1-Naphthylphthalamic 
acid) and TIBA (2,3,5-triiodobenzoic acid) can induce nodule-like structures or pseudonodules 
in the absence of rhizobia (Allen et al., 1953; Hirsch et al., 1989; Rightmyer et al., 2011). 
Several non-nodulating plant mutants affected in the Nod-factor pathway retain the ability to 
form pseudonodules, indicating that pseudonodule formation is independent of the early stages 
of the Nod factor signalling pathway. However, since pseudonodule formation is significantly 
attenuated in the sickle mutant, TIBA-induced pseudonodule formation is an EIN2-dependent 
developmental pathway. 
 
Ethylene also modulates root thigmotropism and gravitropism responses. The reverse 
(shootward) flow of auxin that occurs in the root tip of Arabidopsis produces an auxin maximum 
at the elongation zone (Oono et al., 1998). This process is modulated by the ethylene pathway in 
the elongation zone, which operates through the appropriate localization of the auxin transporter, 
PIN2 (Ruzicka et al., 2007) for the shootward auxin flow. Ethylene regulates the polarized 
localization of PIN2 onto the correct membrane side for shootward auxin flow and to enable 
PIN2 to recycle auxin back into the rootward frow (Baluska et al., 2010). PIN2 is regulated for 
differential growth of the root tip in response to tropism. The result of this is that the root either 
grows away during thigmotropism (mechanical contact) response or in the direction of gravity 
vector for a gravitropism response (Baluska et al., 2010; Rahman et al., 2010). A high ethylene 
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response is correlated with the induction of thigmotropism in which the root grows away from 
the mechanical barrier (Yamamoto et al., 2008) by a process of differential growth in the 
elongation zone (Yamamoto et al., 2008; Okamoto et al., 2008). The effects of ethylene on 
gravitropism are complex with both positive and negative influences being observed (Wheeler 
and Salisbury, 1981; Kaufman et al., 1985; Harrison and Pickard, 1986; Wheeler et al., 1986; 
Lee et al., 1990; Woltering, 1991; Kiss et al., 1999; Madlung et al., 1999). Nonetheless, ethylene 
modulation of gravitropism has been shown to be dependent on the EIN2-ETR1 pathway and 
auxin regulation occurs via the flavonoid pathway (Buer et al, 2006). In summary, the ethylene 
pathway, via crosstalk with the auxin pathway, mediates the root growth response to 
thigmotropism and gravitropism.  
 
In Chapter 3, elevated MtCEP1 levels raised nodule number even in conditions where nitrate 
concentrations were high.  However, the underlying mechanism(s) of this enhancement of nodule 
number is not understood. This chapter uses genetic, phenotypic and pharmaceutical analyses to 
measure the extent of MtCEP1 enhancement of nodulation, to determine whether MtCEP1 
mediates this increase in nodule number by affecting AON or ethylene-dependent pathways and 
to explore a role for ethylene-related pathways in this enhancement of nodulation number. Since 
the results supported a role for MtCEP1 in damping ethylene-mediated but not AON responses, 
the effects of MtCEP1 on several other ethylene- and EIN2-dependent responses were explored 
including analysis of pseudonodule and root-tropisms. The effects of MtCEP1 on lateral root 
formation were also assessed to determine if the pathways mediating the inhibition of lateral root 
formation by elevated MtCEP1 levels were similar or distinctive. 
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4.3 Materials and methods 
4.3.1 Induction of pseudonodule formation 
The protocol for pseudonodule formation was adapted from Rightmyer et al. (2011). The 
germinated M. truncatula seedlings were first grown on nitrogen-free Fåhraeus medium with or 
without 1 μM of MtCEP1 peptide. After five days of growth, the seedlings were flooded with 
200 µM TIBA solution for 10 seconds and the solution was discarded. The pseudonodules were 
then counted three weeks after flooding with TIBA.  
 
4.3.2 Determination of the root thigmotropic response 
To induce a thigmotropic response from the M. truncatula roots, seeds were germinated and 
grown on 1.6% hard agar Fåhraeus medium both with and without 1 μM of MtCEP1 peptide. 
Hard agar induces thigmotropic responses in roots as demonstrated in Buer et al. (2003). The 
roots were grown at 45° angle under the same growth conditions as described in Chapter 2. After 
10 days, the skewing of primary root growth was observed as an indication of their thigmotropic 
response and the effect of the CEP peptide addition on skewing angle was measured. 
 
4.3.3 Determination of root gravitropic response 
M. truncatula seedlings were grown as described in Chapter 2. After 10 days of growth, the 
plates containing the seedlings were tilted 90° from the original growth axis. Within 24 hours, 
root growth towards the direction of gravity was observed and the angle of deviation was 
measured for each root in the presence and absence of 1 µM MtCEP1 peptide. 
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4.4 Results 
4.4.1 Elevated levels of MtCEP1 peptide enabled S. meliloti to induce high numbers of 
fused nodules that lost their ability to preferentially form opposite xylem poles 
MtCEP1ox-transformed roots and MtCEP1 peptide-treated roots formed significantly higher 
numbers of fused nodules when inoculated with either Sm1021 or WSM1022 compared to the 
control treatments (Fig. 4.1A-L). The nodules on roots with an elevated MtCEP1 peptide level 
predominantly formed clusters, rather than being well spaced and distinct, and tended to occupy 
a wider area of the root circumference than in control plants (Fig. 4.1 B, D, F). This was 
particularly evident with Sm1021. Approximately 5.6-fold higher number of fused nodules was 
formed on Sm1021-inoculated MtCEP1ox roots compared to controls (i.e. 86% of the nodules 
were fused compared to only 16% of the empty vector control; Fig. 1G). Similarly, ~60-70% of 
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Figure 4.1: Elevated levels of MtCEP1 peptides promote the formation of fused nodules 
which lose their preference for developing opposite xylem poles. (A, C) Distinct, well-spaced 
nodules formed on S. meliloti 1021 (Sm1021)-inoculated transgenic roots containing the empty 
vector (EV) or on wild type A17 roots (A and C, respectively; scale bars = 400 µm).  (B, D) In 
contrast, Sm1021 induced a higher number of fused nodules on transgenic roots overexpressing 
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MtCEP1 (MtCEP1ox) or on MtCEP1 peptide-treated roots (1 µM) (B and D respectively). (E, F) 
Similarly, S. meliloti strain WSM1022 induced distinct, well-spaced nodules on wild type roots 
(E), but a higher prevalence of fused nodules on roots exposed to 1 µM MtCEP1 peptide (F; 
Scale bars in B, D, E, F = 1000 µm). (G) Over 80% of nodules forming on roots transformed 
with MtCEP1ox were fused compared with only 15% on roots EV-transformed roots (N≥18; 
Student’s t-test; ***: P ≤ 0.001).  (H, I) Significantly more fused nodules were formed plants 
inoculated with Sm1021 (H) and WSM1022 (I) roots treated with 1 µM MtCEP1 peptide- than 
on non-peptide-treated root (n≥25; Student’s t-test; ***: P ≤ 0.001). (J) Transverse-sectioning 
revealed that root nodules formed more frequently in the vicinity of xylem poles (XP) than 
phloem poles (PP) in untreated roots, whereas this preference was lost in MtCEP1 peptide-
treated roots (n≥43; Chi-square test is significant at P ≤ 0.05). (K,L vs M,N) Transverse sections 
of typical nodules of untreated wild-type roots (K,L) were smaller and less broader than nodules 
occurring on MtCEP1-treated roots (M,N).  Dashed lines indicate the nodules, which are fused 
(M) (Scale bars = 200 µm). All plants shown in Fig. 4.1 were grown on nitrogen-free Fåhraeus 
medium.  
 
Sm1021- or WSM1022-induced nodules were fused when grown on medium containing 1 µM 
MtCEP1 peptide compared to ~30% of nodules on the control plants (Fig. 4.1H, I).  
 
It has been well documented that nodules preferentially form opposite the xylem-poles on roots, 
and this is thought to be caused by higher ethylene levels opposite the phloem pole due to 
spatially restricted ACC oxidase activity (Heidstra et al., 1997). Since the fused nodules 
occupied a wider area of the root’s circumference than in controls, the nodules on plants with 
elevated MtCEP1 levels were examined for their spatial orientation with respect to either the 
xylem or phloem poles (Fig. 4.1 J-N). Transverse sectioning showed that roots exposed to 1 µM 
MtCEP1 peptide had a higher propensity to form nodules opposite the phloem poles (Fig. 4.1 J). 
Representative sections showed nodules forming in the presence of 1 µM MtCEP1 peptide were 
~20-40% larger and often possessed a nitrogen fixation zone with more than one lobe (indicated 
by dashed lines in Fig. 4.1 M) when compared to nodules on no peptide-treated plants (Fig. 4.1 
K, L).  These nodules were observed to have properly developed meristems (Fig. 4.1 M, N). 
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4.4.2 A wider nodulation zone is observed on roots treated with MtCEP1 peptide 
Imin et al. (2013) demonstrated that the MtCEP1 peptide treatment significantly elevates nodule 
numbers induced by both Sm1021 and WSM1022. To examine whether this MtCEP1 peptide 
dependent effect was due to an increase in nodule density or to an elevated developmental 
susceptibility to form nodules, the positioning of nodules relative to the most susceptible zone at 
the time of inoculation was investigated. This peak zone of nodulation susceptibility is known to 
occur behind the root tip at the time of inoculation and this susceptibility rapidly decreases, 
within hours, in the developmentally younger root areas (Bhuvaneswari et al. 1980; Sargent et 
al. 1987).  The nodules on the MtCEP1-treated roots showed a wider distribution of nodules 
along the root compared to the controls with no peptide treatment. The nodules were counted 
along the length of the roots to determine the nodulation frequency relative to the root tip’s 
position at the time of inoculation. A higher nodule frequency in the region below the root tip at 
the time of inoculation was observed for roots treated with MtCEP1 peptide compared to the no 
peptide control (Fig. 4.2A).  
 
To determine if plants at different developmental ages were more or less receptive to MtCEP1 
peptide treatment, roots were inoculated with S. meliloti at four different time-points after 
seedling germination. The resultant zone of nodulation was increased in the presence of the 
MtCEP1 peptide when inoculated on Day 0, 3, 5 and 7, respectively. Consistent with Figure 
4.2A, quantitative analyses confirmed a significantly wider nodulation zone occurred in MtCEP1 
peptide-treated plants.  This was attributable to an increased nodulation susceptibility in the zone 
below the root tip at the time of inoculation (Fig. 4.2B and C). The width of the nodulation zone 
at day 0 and day 3 was ~15 mm in untreated plants and ~30 mm in MtCEP1 peptide-treated 
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Figure 4.2: MtCEP1 peptide-treatment enables establishment of a wider nodulation zone, 
which shifts developmental competency to young root regions. (A) The positions of nodules 
induced by WSM1022 were scored relative to the position of the root tip (RT) at the time of 
inoculation in MtCEP1-treated (red bars) and non-treated (blue bars) roots. As expected, the 
peak in competency for nodulation occurs between the root tip (RT) and within 6 mm above the 
RT (-6 mm) at the time of inoculation. Nodulation position was shifted to developmentally 
younger regions in MtCEP1-treated plants compared to non-treated roots. n≥18. (B) A wider 
zone of nodulation (represented by the white horizontal bars) was also observed on MtCEP1 
peptide-treated roots inoculated with WSM1022 at day 0, 3, 5 or 7. Day 0 plants were defined as 
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2 day-old germinated seedlings.  White arrowheads indicate the RT position at the time of 
inoculation. (C, D) The nodulation zone relative to the RT at the time of inoculation (white 
arrowheads in B) was measured for all four time points. Significantly higher nodule number 
occurred below the position of the RT at the time of inoculation in MtCEP1 peptide-treated roots 
(N≥16; Student’s t-test; *** P ≤ 0.001). Significantly more nodules occurred with the MtCEP1 
peptide treatment below the root tip in (D) (n≥16; Student’s t-test; ***P ≤ 0.001) 
 
plants; in day 5 and 7 plants the width of the nodulation zone was ~10 mm in untreated plants 
and ~ 15 mm in treated plants (Fig. 4.2C). Although the widest zone was observed on peptide-
treated roots inoculated on Day 0 after germination, the nodules formed on the roots were 
significantly further away from the root tip at the time of inoculation compared to the untreated 
roots inoculated at the same time (Appendix Fig. 2.1). In the presence of the MtCEP1 peptide, a 
wider zone of nodulation with higher number of nodules was observed in the region below the 
root tip at the time of inoculation (Fig. 4.2D). 
 
4.4.3 Does the MtCEP1-mediated enhancement of nodulation affect systemic 
autoregulation of nodulation or local ethylene-regulated control of nodule number? 
M. truncatula nodulation levels are known to be tightly and negatively controlled by systemic 
autoregulation of the nodulation pathway mediated through SUNN (Schnabel et al. 2005), as 
well as a local ethylene-dependent pathway, which is predominantly mediated through EIN2 
(Penmetsa et al., 1997; 2003; 2008). The MtCEP1 peptide-mediated enhancement of nodulation 
was examined for a possible interaction with both these pathways. First, the EIN2-defective 
sickle mutant was utilized to investigate if the MtCEP1-mediated phenotypes were dependent on 
ethylene signaling. When the MtCEP1 gene was overexpressed in sickle roots or the MtCEP1 
peptide was added to the sickle roots, lateral root inhibition mediated by elevated MtCEP1 levels 
remained intact (Fig. 4.3A and B). However, elevated MtCEP1 levels failed to increase nodule 
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Figure 4.3: No MtCEP1 dependent enhancement of nodulation occurs in the Medicago ein2 
mutant sickle. (A, B) MtCEP1-dependent inhibition of lateral root formation occurs in the EIN2 
null mutant sickle background. (A) The transgenic hairy roots containing empty vector (EV) 
control or the MtCEP1ox vector in the sickle background were quantified for their lateral root 
formation (n ≥21; Student’s t-test; *: P ≤ 0.05). (B) The effect of MtCEP1 peptide addition on 
sickle plants was quantified for their lateral root formation (n ≥42; Student’s t-test; **: P ≤ 0.01). 
(C, D) Over-expression of MtCEP1 (n≥21) or MtCEP1 peptide addition does not enhance root 
nodulation levels in the sickle mutant (n ≥26).  (E) A representative photograph of the nodulation 
response of sickle and MtCEP1 peptide treated sickle roots. Both treatments resulted in numerous 
poorly developed nodules after two weeks post-inoculation (Scale bars = 200 µm). 
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numbers (Fig. 4.3C and D) or the width of the nodulation region (Fig. 4.3E) in the sickle 
background. This suggested that EIN2 is required for the MtCEP1-mediated enhancement of 
nodulation or that that no further increase in nodule number by MtCEP1 peptide treatment is 
possible in EIN2 mutant plants. 
 
To determine whether the elevated MtCEP1 peptide-mediated enhancement of nodulation was 
influenced by the autoregulation of nodulation pathway via SUNN, the null mutant sunn4 was 
utilized for nodulation analysis. The sunn4 mutant is defective in the systemic autoregulatory 
pathway resulting in the supernumerary nodulation phenotype. However, treatment of sunn4 
with 1 µM MtCEP1 peptide significantly increased nodule number compared to untreated sunn4 
plants (Fig. 4.4A-C). The zone of nodulation on sunn4 roots was also increased by 50% when 
grown in the presence of MtCEP1 peptide compared to the control sunn4 roots (Fig. 4.4D). 
Therefore, the increase in nodule number and the wider nodulation zone by MtCEP1 peptide is 
independent of the sunn4-mediated autoregulatory pathway.  
 
4.4.4 Ethylene signaling inhibitor silver nitrate suppresses enhancement of nodulation by 
MtCEP1 addition but not inhibition of lateral roots  
To test the requirement of the EIN2-dependent ethylene signaling for the enhancement of 
nodulation by MtCEP1, wild-type A17 plants were grown in the presence of silver nitrate 
(AgNO3) as an ethylene signaling inhibitor. When roots were grown in the presence of AgNO3, 
lateral root inhibition by the MtCEP1 peptide addition still occurred (Fig. 4.5A). However, 
consistent with the results shown in Fig. 3 with sickle, no MtCEP1 peptide-dependent 
enhancement of nodulation was observed in the presence of AgNO3 (Fig. 4.5B).  This suggests
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Figure 4.4: Inhibiting ethylene signalling with silver nitrate (AgNO3) abolished the 
MtCEP1-mediated enhancement of nodulation. (A) One week-old wild-type A17 plants were 
grown on 5mM KNO3 growth medium and 10 µM AgNO3 with or without 1 µM MtCEP1 
peptide and lateral root inhibition was measured. (B) One week-old wild-type A17 grown on 
0mM KNO3 growth medium and 10 µM AgNO3 with or without 1 µM synthetic MtCEP1 
peptide were inoculated with Sm1022. The nodules were then counted two weeks post 
inoculation (n≥49; Student’s t-test; ***: P ≤ 0.001). 
!
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Figure 4.5: MtCEP1-mediated enhancement of nodulation is independent of the SUNN 
pathway. (A) The null mutant sunn4 showed supernumerary nodulation phenotype when 
inoculated with S. meliloti 1022. (B) When grown on medium with 1 µM MtCEP1 peptide more 
nodules within a wider nodulation zone was observed in sunn4 (Scale bars = 200 µm). (C,D) The 
nodule number and the zone of nodulation were measured on sunn4, with and without added 
MtCEP1 peptide at 1 µM, after two weeks post-inoculation  (n≥15; Student’s t-test; ***: P ≤ 
0.001).  
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that functional ethylene signaling is required for the MtCEP1 peptide to enhance nodulation but 
not to negatively influence lateral root formation.  
 
4.4.5 Does elevated MtCEP1 peptide also affect other EIN2-dependent signalling 
pathways in M. truncatula roots? 
The effect of MtCEP1 peptide on another EIN2-dependent process in M. truncatula, 
pseudonodule formation (Rightmyer et al., 2011), was also examined. In contrast to nodule 
formation, pseudonodule formation occurs independently of the common early nodulation 
pathway and requires exposure to an auxin transport inhibitor instead of rhizobial inoculation 
(Rightmyer et al., 2011). Therefore, MtCEP1 peptide-treated roots were tested for their ability to 
affect pseudonodule formation and, as a control, lateral root formation, by briefly treating the 
roots with 200 µM of the auxin inhibitor, TIBA (Rightmyer et al., 2011) (Fig. 4.6). The MtCEP1 
peptide-treated roots had significantly reduced numbers of pseudonodules compared to the no 
peptide-treated plants (Fig. 4.6). However, consistent with the results shown in Fig. 4.3 A and B, 
the ability of MtCEP1 peptide treatment to inhibit lateral root formation was unaffected by the 
presence of TIBA (Fig. 4.6). Thus, the MtCEP1 peptide negatively affects the EIN2-dependent 
pseudonodule formation pathway.  
 
As EIN2 plays a central role in ethylene signalling, MtCEP1-treated roots were assayed for their 
sensitivity to ethylene inhibition of nodulation mediated by exposing plants to increasing 
concentrations of ethylene precursor, ACC. Plants exposed to high concentrations of ACC are 
known to produce more ethylene from oxidizing ACC and display the negative developmental 
effects of increased ethylene production such as a reduction in infection and nodulation (Okazaki 
108 
 
et al., 2004), and at high concentrations, defective nodule development (Goodlass and Smith, 
1979; van de Poel and van der Straeten, 2014). Therefore, nodule number and development was 
assessed on the MtCEP1 peptide-treated roots exposed to increasing concentrations of ACC (Fig. 
4.7 A-K). As expected, increasing ACC concentrations progressively reduced nodulation levels, 
and at high concentrations (10 µM) inhibited nodule development. In contrast, MtCEP1 peptide 
co-treatment significantly increased the number of nodules at 0.01 and 0.1 µM ACC (Fig. 4.7 A, 
B, C, F, G, H and K) and maintained the presence of fused nodules at ACC concentrations up to 
1 µM (Fig 4.7 A, B, C, D, F, G, H and I). At very high concentrations (10 µM), ACC severely 
suppressed nodule number and function so that only white nodules formed; however, the 
MtCEP1 peptide treatment enabled formation of pink nodules, indicative of presence of 
leghemoglobin (Fig. 4.7E, J) although there was no significant increase in nodule number at this 
concentration (Fig. 4.7 K). 
 
!
Figure 4.6: MtCEP1 peptide inhibits the EIN2-dependent pseudonodule formation.  EIN-
dependent pseudonodule formation was carried out by flooding the root with the auxin inhibitor 
TIBA (200 µM). After two weeks post-flooding, the numbers of lateral roots and pseudonodules 
were counted for the MtCEP1-treated and the no-peptide treated roots (N≥52; Student’s t-test; 
***: P ≤ 0.001). 
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Figure 4.7: Partial ACC insensitive nodule formation was observed on roots grown with 
MtCEP1 peptide. (A-J) The plants were grown in nitrogen-free Fåhraeus medium containing 
without (-MtCEP1; A-E) or with 1µM MtCEP1 peptide (+MtCEP1; F-J) and a range of different 
concentration of the ethylene precursor ACC from 0.01 µM to 10 µM as indicated. The nodules 
were counted after two weeks post-inoculation (Scale bars = 200 µm). (K) The nodule number 
for each treatment is represented in the histogram (N≥22; Two-way ANOVA; P ≤ 0.001). 
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4.4.6 Roots grown in the presence of MtCEP1 peptide displayed reduced thigmotropic 
and gravitropic responses 
Since the results demonstrated that elevated MtCEP1 peptide levels attenuated several ethylene-
dependent physiological processes, the effects of elevated MtCEP1 peptide levels on two other 
ethylene-regulated root responses, thigmotropism (Yamamoto et al., 2008; Okamoto et al., 2008) 
and gravitropism (Buer et al., 2006), were examined.  The growth of Arabidopsis seedlings on 
hard agar at 45° angle is known to induce a thigmotropic root response and roots grow in a 
wave-like pattern (Buer et al., 2003). To induce a thigmotropic response on M. truncatula, 
seedlings were grown on 1.6% hard agar at a 45° angle. However, instead of producing the 
waving root response as observed in Arabidopsis, M. truncatula roots skew away from the 
direction of gravity resulting in a bent root (Fig. 4.8A). In the presence of MtCEP1 peptide, the 
degree of skewing was significantly reduced to about 15° compared to the control roots, in which 
the bent were more than 30° (Fig. 4.8B).  
 
The effect of MtCEP1 peptide on root gravitropism was also measured. Gravi-stimulated plants 
bend about 35° towards the direction of the gravity whereas MtCEP1-treated roots bend to about 
15° (Fig. 4.8C-D). 
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Figure 4.8: MtCEP1 peptide reduces root thigmotropism and gravitropism responses. (A) 
To induce a thigmotropic response, the roots were grown on hard agar of 1.6% at 45° angle. The 
control plants and the MtCEP1 peptide-treated (+MtCEP1) plants were then observed for their 
root response after two weeks of growth. (B) The angle of the root bending towards the hard agar 
was measured using ImageJ software (n≥41; Student’s t-test; ***: P ≤ 0.001). (C) For gravitropic 
root response, both the control and +MtCEP1 plants were grown for 10 days before tilting the 
plates to 90° for 24 hours. (D) The degree of the root bending was then measured using ImageJ 
software (n≥25; Student’s t-test; ***: P ≤ 0.001). 
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4.5 Discussion 
4.5.1 Elevated levels of MtCEP1 peptide reduce ethylene signalling output in M. 
truncatula roots 
The increased number of nodules, which formed in the presence of the MtCEP1 peptide, is 
consistent with a reduced ethylene response. This is supported by the formation of fused nodules 
and the loss of preference for nodule initiation opposite the xylem poles when roots are exposed 
to raised MtCEP1 levels. These phenotypes resemble that of the Mtein2 mutant sickle (Penmetsa 
and Cook, 1997). The nodules on sickle show no preference for initiation opposite the xylem 
poles due to their ethylene insensitivity and therefore the spatial regulation of nodule formation 
by ACC oxidase at the phloem-poles is abolished (Heidstra et al., 1997). Therefore, the nodule 
phenotypes of the MtCEP1-treated roots suggest the ethylene response was reduced by MtCEP1-
treatment in these plants. In addition, MtCEP1 peptide also reduced the extent of ACC mediated 
inhibition of nodule number and development. As ACC is an ethylene precursor, ACC 
oxidization will liberate ethylene and this compound has been used in experimental conditions to 
study ethylene responses in plants (Ruzicka et al., 2007; Swarup et al., 2007; Ivanchenko et al., 
2008). Therefore, the reduced ACC inhibition of nodule development in the presence of the 
MtCEP1 is likely due to a damping of ethylene signalling of the MtCEP1-treated roots. As the 
ethylene evolution rate in the root increases with nitrate levels (Ligero et al., 1987), this partial 
ethylene tolerance could also be linked to the partial nitrate tolerant nodules on the MtCEP1ox 
and theMtCEP1-treated roots as shown in Chapter 3 (Imin et al., 2013).  
 
The proposed reduced ethylene signalling output by MtCEP1 is likely to affect root susceptibility 
for nodule formation. The wider nodulation zone observed on MtCEP1-treated roots suggests 
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that roots maintain their competency for nodule formation for a longer developmental period. 
The initial cellular responses for nodule initiation, which includes calcium spiking and infection 
thread formation, are regulated by ethylene (Guinel and LaRue, 1992; Penmetsa and Cook, 1997; 
Oldroyd et al., 2001). Ethylene insensitivity due to mutation in MtEIN2 in sickle or ethylene 
inhibition via treatment with an inhibitor shows a hypernodulation phenotype resulting from 
persistent and more numerous infections (Penmetsa and Cook, 1997; Oldroyd et al., 2001). 
Hence, the enhancement of nodulation observed on the MtCEP1-treated roots could be attributed 
to a reduced ethylene signalling output. This could be tested further in the future by analysing 
ethylene dependent expression of nodulation genes in the presence of the MtCEP1 peptide. 
 
Although wild type plants treated with MtCEP1 may have reduced ethylene suppression of 
nodulation, the roots formed large nodules with a proper meristem. This suggests that the 
dependence of EIN2-mediated signalling for proper meristem formation was retained in 
MtCEP1-treated roots whereas Xiao et al. (2014) showed that in the Mtein2 mutant sickle, 
smaller sized nodules lacking a proper meristem form.  This suggests that ethylene signalling is 
only partially or selectively suppressed in MtCEP1-treated roots. Interestingly, in Sesbania 
rostrata, indeterminate nodules, which require persistent nodule meristem maintenance, were 
observed to preferentially form in low ethylene conditions (Fernandez-Lopez et al., 1998). 
Therefore, these observations support the importance of ethylene in meristem maintenance 
during indeterminate nodule development.  
 
Finally, the reduced formation of pseudonodules in the presence of the MtCEP1 suggests that the 
MtCEP1 peptide is perturbing an EIN2-dependent pathway. Pseudonodule formation has been 
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shown to be dependent upon EIN2 (Rightmyer et al., 2011). Pseudonodules typically have a 
central vasculature rather than peripheral vasculature in wild-type nodule suggesting that this 
structure is closely related to lateral roots. Hence, there is also a possibility for MtCEP1 to inhibit 
the pseudonodule formation in a similar way it inhibits lateral root formation. 
 
4.5.2 MtCEP1 peptide enhancement of nodulation is independent of SUNN4  
The nodulation process is negatively regulated via dual pathways, which are mediated by the 
systemic SUNN-dependent autoregulation of nodulation, and the local EIN2-mediated ethylene 
signalling pathways. These pathways operate independently of each other with both providing 
crucial spatial and temporal controls for nodule development and number on the root. The 
MtCEP1-dependent increase in nodule number and nodulation zone size was not observed with 
the sickle mutant but was observed in the sunn4 mutants. This conclusively showed that 
MtCEP1-mediated increases in nodule number are independent of SUNN-mediated systemic 
regulation of nodulation.  The MtCEP1 peptide dependent increase in nodule number on sunn4 
mutants indicates that the presence of MtCEP1 can induce more nodule formation and further 
increase the width of the nodulation zone (i.e., maintain a competency for root nodule formation 
for a longer period). 
 
4.5.3 MtCEP1 peptide may operate through a local pathway to enhance root nodule 
formation 
Nodulation enhancement mediated by MtCEP1 was absent in the sickle mutant. This suggests 
that MtCEP1 peptide enhancement of nodulation could either be dependent on the EIN2 
signalling pathway or, more likely, that any further suppression of ethylene signalling in sickle 
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mutants by MtCEP1 peptide is futile since it is already maximal in the sickle mutant. Results 
showing that AgNO3-treatment abolished the enhancement of nodulation mediated by elevated 
levels of MtCEP1 supports the possibility that a functional EIN2 signalling pathway is required 
for elevated levels of MtCEP1 to induce the nodule enhancement phenotype.  
 
Since MtCEP1 does not require SUNN to increase nodulation, the increased cellular capacity for 
nodulation mediated by the MtCEP1 peptide is likely to operate through a local control 
mechanism or SUNN-independent (unknown) systemic control of nodulation. The phenotypes 
observed in transgenic root cultures overexpressing MtCEP1 (which lack any shoot tissue and 
are conducted in the absence of light; Chapter 5; Mohd-Radzman et al., 2015), support a local 
rather than systemic mechanism for MtCEP1 effects. In contrast, Tabata et al. (2014) showed in 
Arabidopsis that CEP mediated responses that control root growth operate via a systemic 
response.  Therefore, like CLE peptides, CEP peptides may mediate local as well as systemic 
responses. A recent publication showed that a Medicago mutant defective in a leucine-rich-
repeat receptor-like kinase, CRA2, is defective in local and systemic control of lateral organ 
formation (Huault et al., 2014). Since CRA2 is a putative homologue to CEP receptors, thus may 
mediate the systemic responses of CEP peptides on root organ formation. 
 
4.5.4 MtCEP1 mediated inhibition of lateral root numbers operates through a separate 
pathway. 
MtCEP1 peptide mediated inhibition of lateral root formation is intact in the sunn4 mutant and, 
unlike the MtCEP1 peptide mediated enhancement of root nodule formation, is also intact in 
sickle and AgNO3-treated plants.  This strongly suggests that MtCEP1 regulates its effects on 
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lateral root or nodule formation via independent pathways.  The effects of MtCEP1 peptides on 
lateral root and nodule formation are explored further in Chapter 5. 
 
4.5.5 Does MtCEP1 affect root thigmotropic and gravitropic responses via the ethylene 
signalling pathway? 
In the presence of the elevated levels of MtCEP1, the roots of Medicago displayed reduced 
thigmotropism and gravitropism. In Arabidopsis, root thigmotropism is known to be modulated 
by ethylene and auxin pathways (Okamoto et al., 2008). Therefore, the reduced thigmotropic 
response of MtCEP1-treated roots suggests that the MtCEP1 may be affecting either of these two 
pathways to reduce root thigmotropism. Similarly, the literature supports both positive and 
negative effects of ethylene on root gravitropic responses (Wheeler and Salisbury, 1981; 
Kaufman et al., 1985; Harrison and Pickard, 1986; Wheeler et al., 1986; Lee et al., 1990; 
Woltering, 1991; Kiss et al., 1999; Madlung et al., 1999).  However, Buer et al. (2006) showed 
ethylene inhibition of root gravitropism is dependent on the EIN2 signalling pathway in 
Arabidopsis. Therefore, the reduced root gravitropic response induced by elevated levels of 
MtCEP1 could also be mediated through MtCEP1 effects on the EIN2-dependent ethylene 
signalling pathway, but more work is required to determine if this hypothesis has validity. 
Furthermore, the sickle mutant should be examined for its gravitropic and thigmotropic 
responses for a stronger validation of ethylene regulation in mediating tropic responses. Future 
studies could also examine if MtCEP1 affects auxin transport pathways during gravitropism.  
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4.6 Conclusion 
The data suggest that the wider nodulation zone and increased nodule numbers induced by 
elevated levels of MtCEP1, either by supplying the synthetic peptide to the growth medium or by 
overexpressing MtCEP1, negatively affects ethylene signalling in Medicago. The elevated levels 
of MtCEP1 is suggested to reduce the ethylene signalling output of the root as indicated by: (1) 
the induction of fused nodules and loss in preferential nodule initiation opposite the xylem poles 
of MtCEP1-treated roots and (2) a reduction of EIN2-dependent pseudonodule formation by the 
auxin transport inhibitor, TIBA, in the presence of elevated levels of MtCEP1 and by attenuation 
of ACC-mediated inhibition of nodule number and nodule development by MtCEP1.  Hence, it is 
likely that the elevated levels of MtCEP1 enhanced nodulation via the EIN2 pathway and the 
consequent reduction in the ethylene signalling output may subsequently increase the root 
nodulation capacity via a local mechanism. The effect of AgNO3 on CEP1-mediated 
enhancement of nodulation suggests that this process may be dependent on the local EIN2-
mediated pathway.  Finally, the effects of MtCEP1 on lateral root and nodule formation were 
shown to likely operate through independent mechanisms since MtCEP1 peptide retained its 
ability to inhibit lateral root formation in sunn4, and, unlike nodule formation, in the sickle 
mutant and in AgNO3-treated plants.  
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5 RESULTS: NOVEL MTCEP1 PEPTIDES PRODUCED IN VIVO 
DIFFERENTIALLY REGULATE ROOT DEVELOPMENT IN MEDICAGO 
TRUNCATULA 
The content of this chapter has been published in the Journal of Experimental Botany as follows: 
Nadiatul A. Mohd-Radzman, Steve Binos, Thy T. Truong, Nijat Imin, Michael Mariani, 
and Michael A. Djordjevic. 2015. Novel MtCEP1 peptides produced in vivo differentially 
regulate root development in Medicago truncatula, Journal of Experimental Botany 66, 5289-
5300. 
 
5.1 Overview 
Small, post-translationally modified and secreted peptides regulate diverse plant developmental 
processes. Due to low natural abundance, it is difficult to isolate and identify these peptides. 
Using an improved peptide isolation protocol and Orbitrap mass spectrometry, nine 15-amino-
acid CEP peptides were identified that corresponded to the two domains encoded by Medicago 
truncatula CEP1 (MtCEP1). Novel arabinosylated and hydroxylated peptides were identified in 
root cultures overexpressing MtCEP1. The five most abundant CEP peptides were hydroxylated 
and these species were detected also in low amounts in vector control samples. Synthetic 
peptides with different hydroxylation patterns differentially affected root development. Notably, 
the domain 1 peptide hydroxylated at Pro4 and Pro11 (D1:HyP4,11) imparted the strongest 
inhibition of lateral root emergence when grown with 5mM KNO3 and stimulated the highest 
increase in nodule number when grown with 0mM KNO3. Inhibition of lateral root emergence 
by D1:HyP4,11 was not alleviated by removing peptide exposure. In contrast, the domain 2 
peptide hydroxylated at Pro11 (D2:HyP11) increased stage III–IV lateral root primordium 
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numbers by 6-fold (P < 0.001) which failed to emerge. Auxin addition at levels which stimulated 
lateral root formation in wild-type plants had little or no ameliorating effect on CEP peptide-
mediated inhibition of lateral root formation or emergence. Both peptides increased and altered 
the root staining pattern of the auxin-responsive reporter GH3:GUS suggesting CEPs alter auxin 
sensitivity or distribution. The results showed that CEP primary sequence and post-translational 
modifications influence peptide activities and the improved isolation procedure effectively and 
reproducibly identifies and characterises CEPs. 
 
5.2 Introduction 
Root development is mediated through complex pathways involving endogenous signalling 
molecules and external environmental stimuli (Van Norman et al., 2011; Matsubayashi, 2012; 
Murphy et al., 2012; Meng, 2012a; Czyzewicz et al., 2013). These endogenous signalling 
molecules include small secreted peptides which regulate lateral root development, nodule 
formation and root meristem maintenance (Matsubayashi, 2011; Delay et al., 2013b; Mohd-
Radzman et al., 2013). Examples include CLE40 (from the CLAVATA3/EMBRYO 
SURROUNDING REGION family), which inhibits cell differentiation in the primary root 
meristem (Stahl et al., 2009), the RGF (ROOT GROWTH FACTOR)/GLV (GOLVEN)/CLEL 
(CLE-like) family, which promotes meristem maintenance of the primary root and negatively 
regulates lateral root growth (Matsuzaki et al., 2010; Whitford et al., 2012; Meng et al., 2012b; 
Fernandez et al., 2013) and MtCLE12 and 13 and their legume orthologues, which negatively 
regulate root nodule development (Mortier et al., 2010; Reid et al., 2011; Saur et al., 2011; 
Okamoto et al., 2013). CEPs (C-TERMINALLY ENCODED PEPTIDEs) negatively regulate 
lateral and primary root development and positively regulate nodulation (Ohyama et al., 2008; 
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Delay et al., 2013a; Imin et al., 2013; Roberts et al., 2013; Tabata et al., 2014). These small, 
secreted peptides are cleaved from a precursor, post-translationally modified and secreted to the 
apoplast (Matsubayashi, 2012). Both the final size of the processed peptide and its post-
translational modification (PTM) greatly influence biological activity (Ohyama et al., 2008; 
Ohyama et al., 2009; Matsuzaki et al., 2010; Whitford et al., 2012).  
 
Only a handful of putative secreted peptides have been conclusively shown to be secreted and 
identified as mature peptides with their PTMs (Ito et al., 2006; Amano et al., 2007; Shinohara 
and Matsubayashi, 2010; Ohki et al., 2011; Whitford et al., 2012; Okamoto et al., 2013). 
Isolation and identification of secreted peptides is difficult due to their very low abundance in 
vivo. To address this, regulatory peptide coding genes are commonly overexpressed in calli, cell 
cultures, hairy roots or whole plants to elevate mature peptide amounts (Amano et al., 2007; 
Shinohara and Matsubayashi, 2010; Ohki et al., 2011; Whitford et al., 2012; Okamoto et al., 
2013) followed by the selective precipitation of the peptide-of-interest, purification using high-
performance liquid chromatography (HPLC) and identification and characterization using mass 
spectrometry (MS). This procedure has identified hydroxylated and arabinosylated CLV3 and 
LjCLE-RS2 peptides (Kondo et al., 2006; Ohyama et al., 2009) and sulfated RGF/GOLVEN 
peptides (Matsuzaki et al., 2010; Whitford et al., 2012). Although many members of plant 
peptide families encode more than one peptide domain (Oelkers et al., 2009; Delay et al., 2013a; 
Imin et al., 2013; Roberts et al., 2013), to date, only a few peptides from multiple domain coding 
genes have been identified (Pearce et al., 2001; Chen et al., 2008; Tabata et al., 2014). 
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PTMs of small secreted peptides are important for their biological activity (Matsubayashi, 2012). 
For CLE and CEP peptides, proline residues are hydroxylated to form 4-hydroxylproline 
(Ohyama et al., 2008; Kondo et al., 2011; Matsubayashi, 2012). Nuclear magnetic resonance 
(NMR) studies demonstrated that proline hydroxylation and triarabinosylation influences peptide 
flexibility and its ability to interact with its corresponding receptor (Kondo et al., 2011; Bobay et 
al., 2013; Shinohara and Matsubayashi, 2013). Peptides lacking PTMs are either inactive or less 
active than their modified counterparts (Ohyama et al., 2009; Matsuzaki et al., 2010; Whitford et 
al., 2012; Imin et al., 2013). Hence, determining the in vivo forms of secreted peptides in plants 
and validating their biological activities is important. 
 
CEP peptides regulate root development in Arabidopsis and Medicago (Ohyama et al., 2008; 
Delay et al., 2013a; Imin et al., 2013; Roberts et al., 2013). In Arabidopsis, AtCEP1 and AtCEP3 
reduce primary root growth and emerged lateral root numbers when these genes are 
overexpressed or when the corresponding peptides are applied to wild-type roots (Ohyama et al., 
2008; Delay et al., 2013a) even though neither gene appears to be expressed in the root tip 
(Roberts et al., 2013).  In addition, an Atcep3 mutant showed greater primary root growth and 
emerged lateral root number when grown under abiotic stress conditions (Delay et al., 2013b). 
Tabata et al. (2014) very recently identified CEP receptors in Arabidopsis and proposed that 
perception of root derived CEP peptides by shoot receptors mediates systemic nitrogen-demand 
signalling. In Medicago, MtCEP1 expresses in the primary root tip and lateral organ primordia 
particularly under nitrogen limitation (Imin et al., 2013). MtCEP1, which encodes two peptide 
domains, modulates lateral organ formation in Medicago but does not affect root tip growth 
(Imin et al., 2013). The MtCEP1ox roots (35S:MtCEP1) showed a reduction in emerged lateral 
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root number, enhanced nodule number and formed periodic circumferential cell proliferation 
(CCP) sites (Imin et al., 2013). At CCP sites the root diameter is increased up to 40% due in part 
to roots containing an extra cortical cell layer (Imin et al. 2013). Putative MtCEP1 peptides 
synthesized with hydroxylation imparted the same phenotypes on wild-type roots as MtCEP1ox 
(Imin et al., 2013). However, the endogenous mature peptides of MtCEP1 domain 1 and 2 have 
not been characterized.  
 
In this study, we developed improved methodologies to sufficiently enrich and characterize 
MtCEP1 peptides in vivo. The transgenic root cultures overexpressing MtCEP1 showed several 
of the phenotypes induced by overexpressing MtCEP1 in transgenic plants. After validating the 
presence of secreted CEP peptides by bioassaying the secreted material, the MtCEP1 peptides 
present in the culture concentrates were examined and determined by MS. Differentially 
hydroxylated CEP peptides were the most abundant species produced. The effects on lateral 
organ formation of synthetic hydroxylated peptides corresponding to the abundant species found 
were assessed. A root clearing technique was used to quantify the stages of lateral root 
formation. Given the central role played by auxin in lateral organ formation, interactions 
between auxin and CEP peptides were examined. The ability of the synthetic auxin, 1-
naphthaleneacetic acid (NAA), to rescue the CEP peptide-mediated inhibition of lateral root 
formation and emergence was determined. The auxin-responsive reporter GH3:GUS was also 
used to observe the effects of the CEP peptides on auxin distribution/sensitivity in vivo. 
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5.3 Materials and methods 
5.3.1 Establishing Medicago root culture 
Root transformation was carried out using Agrobacterium rhizogenes ArQUA1 cells containing 
the empty vector control pK7WG2D.1 (hereafter referred to as ‘vector control’) (Boisson-
Dernier et al., 2001) or pK7WG2D.1 containing 35S:MtCEP1 (Imin et al., 2013). The 
transformed hairy roots were selected using kanamycin and screened for the GFP-visible marker. 
These composite plants were also scored for lateral root number and periodic CCP site formation 
which are major phenotypes of MtCEP1 overexpression. Transgenic roots were then excised and 
grown on solid Fåhraeus medium containing 100 mg/L cefotaxime and 1% sucrose in the dark at 
25°C and sub-cultured every week until axenic. The transgenic roots were then transferred to 
liquid Fåhraeus medium and grown in the dark at 25°C with continuous shaking at 100 rpm for 
14 days prior to exudate collection. The phenotypes induced by MtCEP1ox were assessed. 
 
5.3.2 Modified extraction and isolation of secreted endogenous peptides 
Culture exudates (150 mL/flask) were filtered through 100 µm nylon mesh and concentrated 10 
times by rotary evaporation prior to ο-chlorophenol/acetone precipitation as described by 
Ohyama et al. (2008). Centrifugation was conducted at 9000 g for two hours instead of at 10 000 
g for 10 min to improve peptide precipitation. The pellet was dissolved in 500 µL water and the 
solution was run through a PD MidiTrap G-10 size exclusion gravity column (exclusion limit 
>700 Mr, GE Healthcare Life Sciences). The column is first equilibrated with 16 mL of 100 mM 
ammonium acetate (pH 7) prior to sample addition. The peptide fraction was then washed off the 
column with 1.2 mL of 100 mM ammonium acetate. The peptide wash was lyophilized overnight 
and resuspended in 400 µL of 3% acetonitrile with 0.1% formic acid prior to analysis using Q 
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Exactive Plus nano-LC-ESI-MS/MS (Thermo Fisher Scientific, Waltham, MA, USA). For the 
nano-LC-Chip-ESI-MS/MS (Agilent Technologies, Santa Clara, CA, USA) analysis, the samples 
were resuspended in 20 µL of 10% acetonitrile/water with 0.1% formic acid. 
 
5.3.3 Assessing peptide biological activities  
Medicago truncatula seeds were surface sterilized, stratified and germinated on Fåhraeus 
medium plates (Kusumawati et al., 2008). To assess the biological activity of the hairy root 
exudates, the concentrated exudate solution was added to the Fåhraeus medium with 5 mM 
KNO3 at 1% of the final concentration of the original exudates and the phenotypes induced were 
assessed. To assess the biological activity of the synthetic peptides, stock solutions 
corresponding to the five identified hydroxylated peptide species were added to the medium at 1 
µM final concentration. For the peptide assay, six seedlings per plate were grown on Fåhraeus 
medium with 5 mM KNO3 for 10 days. To assess the effect on root of the temporal exposure to 
CEP peptides, the 14-day-old harvested seedlings were first grown on CEP peptide-containing 
medium (1 mM) with 5 mM KNO3 for three, five or nine days before transferring to 5 mM 
KNO3 Fåhraeus medium with no added peptide. The position of the root tip of each seedling was 
marked right after the transfer to delineate peptide exposed from non-peptide exposed root. For 
the nodulation assays, the plants were grown on nitrogen-free Fåhraeus medium containing the 
respective synthetic peptides for four days prior to inoculation with Sinorhizobium meliloti strain 
WSM1022. The nodules were counted two weeks post-inoculation. For the NAA treatment, the 
seedlings were grown on 5 mM KNO3 Fåhraeus medium with NAA added to the respective final 
concentrations. The GH3:GUS seedlings were grown on 5 mM KNO3 Fåhraeus medium with or 
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without synthetic peptide (1 µM final concentration). All the seedlings were grown at 20°C with 
a 16 hour photoperiod and a photon flux density of 100 µmol m-2 s-1. 
 
5.3.4 Beta-glucuronidase (GUS) staining and root sectioning 
GUS activity was localized in transgenic plants carrying the GH3:GUS construct. The staining 
protocol was adapted from Vitha et al. (1995). The roots were first fixed with ice-cold fixative of 
4% formaldehyde in phosphate buffer (pH 7) and subsequently washed three times within 60 
minutes with ice-cold phosphate buffer. The X-gluc substrate solution (1 mg 5-bromo-4-chloro-
3-indolyl β-D-Glucuronide in 0.1 mL methanol, 1 mL phosphate buffer, 20 µL 0.1 M potassium 
ferrocyanide, and 20 µL 0.1 M potassium ferricyanide) was then vacuum infiltrated into the root 
tissue before overnight incubation at 37°C. The roots were then embedded in 3% DNA grade 
agarose and sectioned using a vibratome (1000 Plus; Vibratome Company). Staining was 
performed twice, each with six individual plants and observed using a Nikon SMZ1500 
stereomicroscope (Nikon Inc., New York, USA). 
 
5.3.5 Peptide synthesis 
Peptides were synthesized by GL BioChem Pty Ltd. (Shanghai, China) and validated (Djordjevic 
et al., 2011). 
 
5.3.6 Quantification of Medicago root primordia by whole root clearing  
Roots from 10-day-old plants were collected and incubated in 0.4% HCl and 20% methanol at 
60°C for one hour and transferred to a solution containing 7% NaOH (w/v) and 60% ethanol for 
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30 min. Roots were rehydrated with 40%, 20% and 10% ethanol, each for 10 min, respectively at 
room temperature and vacuum infiltrated with 5% ethanol and 25% glycerol for 15 min prior to 
mounting in the same solution for interference contrast microscopy (Leica DM 5500 B; Leica 
Microsystems). 
 
5.3.7 Identification and quantification with the Q Exactive Plus nano-LC-ESI-MS/MS 
A Thermo Scientific Easy-nLC 1000 HPLC system was used in a two column configuration for 
separation of the concentrated peptide-enriched extracts. The extracts were initially loaded onto a 
Thermo Acclaim PepMap C18 trap reversed-phase column (75 µm x 2 cm nanoviper, 3 µm 
particle size) at a maximum pressure setting of 800 bar. Separation was achieved at 300 nL/min 
using buffer A (0.1% formic acid in water) and buffer B (0.1% formic acid in acetonitrile) as 
mobile phases for gradient elution with a 75 µm x 25 cm PepMap RSLC C18 (2 µm particle 
size) Easy-Spray Column at 35°C. Peptide elution employed a 3-10% acetonitrile gradient for 10 
min followed by 10–38% acetonitrile gradient for 47 min. The total acquisition time, including a 
95% acetonitrile wash and re-equilibration, was 70 min. For each run, 7 µL of the pre-diluted 
samples from the MtCEP1 overexpressed and vector control root exudates were injected. Two 
blank runs were included between each sample to minimize carryover to negligible levels. 
 
The eluted peptides from the C18 column were introduced to the mass spectrometer via nano-
ESI and analyzed using the Q-Exactive Plus (Thermo Fisher Scientific, Waltham, MA, USA). 
The electrospray voltage was 1.8 kV, and the ion transfer tube temperature was 275°C. 
Employing a top 10 ddMS2 acquisition method with preference for a specified target list of +1, 
+2 and +3 charged species (Supplementary Method 1), full MS scans were acquired in the 
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Orbitrap mass analyzer over the range m/z 350–1800 with a mass resolution of 70 000 (at m/z 
200). The target value was 1.00E+06 counts. The 10 most intense peaks with a charge state ≥1 
were fragmented in the high energy C-trap dissociation collision cell with a normalized collision 
energy of 27% and tandem mass spectra were acquired in the Orbitrap mass analyzer with a mass 
resolution of either 17 500 or 35 000 at a m/z of 400. The AGC (Automatic Gain Control) target 
value in both instances was set to 5.0E+04 counts. The ion selection threshold was 1.00E+04 
counts at 17.5K and 4.50E+03 counts at 35K resolution. The maximum allowed ion 
accumulation times was 30 ms for full MS scans and 50 and 110 ms for tandem mass spectra at 
17.5 and 35k, respectively. For all the experiments, the dynamic exclusion time was set to 10 s. 
 
Database searching of all .raw files was performed with Proteome Discoverer 1.4 (Thermo 
Fisher Scientific) initially using SEQUEST HT for searching against an annotated M. truncatula 
database. Database searching against the corresponding reversed database was also performed to 
evaluate the false discovery rate of peptide identification. The SEQUEST HT search parameters 
included a precursor ion mass tolerance +/-10 ppm and product ion mass tolerance of 0.08 m/z 
units. Cysteine carbamidomethylation was set as a fixed modification, while M, K and P 
oxidation, C-terminal amidation and deamidated (of NQ) as well as N-terminal Gln to pyro-Glu 
were set as variable modifications. 
 
For relative quantification, serial dilutions of the synthetic peptide as a standard were injected 
equating to 20 amol to 200 femtomol on column. The extracted ion chromatogram (+/- 5 ppm,) 
for each precursor m/z was used for calculating the relative amount of each species. A calibration 
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curve was generated from the dilution series and the respective peptide species concentration 
was extrapolated from the curve. 
 
5.4 Results 
5.4.1 Modified methodology to identify and quantify root-derived endogenous peptides 
To isolate the MtCEP1 mature peptides, axenic transformed root cultures were established using 
the same MtCEP1ox and vector control constructs reported in Imin et al. (2013) (Fig. 5.1A–D). 
Upon initial agar or liquid subculture, the starting root mass of the vector control and MtCEP1ox 
transgenic roots was the same. However, upon growth the MtCEP1ox root cultures formed 
significantly less root branches (~40% of the control; Student’s t-test, P < 0.001) resulting in a 
reduced root mass (Fig. 5.1 B, D). The MtCEP1ox cultures showed similar phenotypes to those 
previously observed in roots transformed with MtCEP1ox (i.e. a reduced number of lateral roots, 
CCP site formation and reduced root mass). To validate that biologically active secreted peptides 
were present in the culture medium, the root exudates from MtCEP1ox and vector control liquid 
cultures were collected, concentrated and added to the growth medium supporting the growth of 
wild-type M. truncatula seedlings to assay for their biological activities. The MtCEP1ox 
exudates reduced lateral root number indicating the presence of sufficient biologically active 
peptide in the liquid culture (Fig. 5.1E).  
 
Current peptide isolation strategies (Ohyama et al., 2008) utilize ο-chlorophenol precipitation, 
preparative HPLC and LC-electrospray ionisation (ESI) ion trap MS for peptide identification 
and characterization. Since small peptide identification is challenging and the amino acids of 
MtCEP1 peptides lack a strong UV chromophore, the protocol was modified to enhance peptide
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Figure 5.1: Strategy for enriching and bioassaying MtCEP1 peptides using root cultures. 
(A–D) Axenic root cultures containing either the vector (A, C) or MtCEP1ox (B, D). Root 
cultures were maintained on solidified Fåhraeus medium (A, B) prior to sub-culturing in liquid 
Fåhraeus medium (C, D) for peptide isolation. (A) and (B) show one week’s growth after adding 
an equally-sized root segment to the agar plates and (C) and (D) show two week’s growth in the 
liquid medium after equally sized root segments were initially sub-cultured. (E) The 
concentrated exudates from vector control and MtCEP1ox root cultures were incorporated into 
Fåhraeus medium to a final concentration of 1% of that present in the harvested flasks and 
bioassayed for inhibition of emerged lateral root number on wild type A17 seedlings (measured 
as LR number/cm) n=12. 
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detection by applying (i) a longer centrifugation time for ο-chlorophenol/acetone precipitation; 
(ii) a size exclusion gravity column (exclusion limit >700 Mr) for simultaneous isolation, buffer 
exchange, desalting and fast clean-up of the precipitated peptides; (iii) an additional 
lyophilization step to further concentrate the eluted peptides; and (iv) a sensitive high resolution, 
accurate mass nano-HPLC ESI with tandem MS using either the ChipCube ion source for Q-
TOF or the Q Exactive Plus Hybrid Quadrupole-Orbitrap mass spectrometer. A 10 000-fold 
concentration of the peptides in the sample was achieved using this experimental design. With 
the highly sensitive Quadrupole-Orbitrap MS, we successfully identified nine endogenous 
MtCEP1 peptides from the MtCEP1ox sample. 
 
 
5.4.2 The two CEP domains encoded by MtCEP1 are processed as 15-amino-acid 
peptides with post-translational modifications 
Thus far, most of the successfully isolated and characterized bioactive peptides were derived 
from single domain peptide-encoding genes (Amano et al., 2007; Ohyama et al., 2008; 
Matsuzaki et al., 2010; Meng et al., 2012b). However, a considerable number of regulatory 
peptide-coding genes including CEPs encode more than one peptide domain (Oelkers et al., 
2009; Delay et al., 2013a; Imin et al., 2013; Roberts et al., 2013; Ogilvie et al., 2014). Using the 
modified peptide isolation and enrichment protocol, mature 15-amino-acid bioactive peptides 
corresponding to both putative peptide domains of MtCEP1 (Fig. 5.2A, B) were isolated and 
identified from MtCEP1ox samples (Figs 5.2–5.3 and Supplementary Figs S1–3). The sequences 
of the eight domain 1 (D1) and one domain 2 (D2) species were determined (Fig. 5.2B) and the 
relative concentrations of each peptide were quantified using Quadrupole-Orbitrap MS. Five of
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Figure 5.2: Identification of MtCEP1 peptide species in MtCEP1ox root and vector control 
exudates. (A) The pre-propeptide structure of MtCEP1 showing the two 15 amino acid peptide 
domains. (B) Eight species of MtCEP1 domain 1 (D1) peptide and one species of the domain 2 
(D2) peptide were identified with their respective PTMs. HyP: hydroxylated proline; TaP: tri-
arabinosylated proline. (C) The relative concentration of the nine MtCEP1 peptide species found 
in MtCEP1ox exudate and the five species found in the vector control exudate. Serial dilutions of 
the synthetic peptide were performed to establish a standard calibration curve (20 amol to 200 
femtomol) from which the concentration of each peptide was extrapolated. (D) The peptide 
species in MtCEP1ox samples were analysed using Quadrupole-Orbitrap and Q-TOF mass 
spectrometers. The ratio of the five peptide species identified correlated well between both nano-
LC-ESI-MS systems. (E) The five most abundant peptides in MtCEP1ox sample eluted from the 
column based on their hydrophobicity as indicated by their retention time in the Quadrapole-
Orbitrap. (F) The peptides in the vector control samples were detected in relative minute 
amounts as shown in the extracted ion chromatogram.the most abundant peptides identified in 
the MtCEP1ox sample were also identified in the vector control sample in low amounts (Fig. 
2C). This is the first time that CEP peptides have been identified in planta without requiring 
constitutive or induced amplification of the peptide-encoding gene. The nano-LC-Chip-ESI-Q-
TOF approach identified the five most abundant MtCEP1 species in the MtCEP1ox sample only 
(Supplementary Fig. S1). 
 
the most abundant peptides identified in the MtCEP1ox sample were also identified in the vector 
control sample in low amounts (Fig. 5.2C). This is the first time that CEP peptides have been 
identified in planta without requiring constitutive or induced amplification of the peptide-
encoding gene. The nano-LC-Chip-ESI-Q-TOF approach identified the five most abundant 
MtCEP1 species in the MtCEP1ox sample only (Appendix Fig. S1). The relative concentration 
of each peptide in the MtCEP1ox sample was determined by both mass spectrometers used and 
the ratio of each peptide species was found to be consistent between biological replicates (Fig. 
5.2D). The total peptide concentrations in the final concentrated extracts of MtCEP1ox and the 
vector control were 6.9 µM and 0.6 µM, respectively. Assuming minimal losses during isolation 
and concentration, the original peptide concentrations in the liquid culture root exudates were 
estimated to be 0.69 nM and 60 pM, respectively (refer to Appendix Method S2). The peptides 
isolated from the MtCEP1ox root culture eluted between 10 and 20 min of the chromatographic 
run (Fig. 5.2E and Appendix Table S1). The five peptides identified in the vector control sample 
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were at trace levels with only two peptides producing discernible chromatographic peaks (Fig. 
5.2F). For peptide identification and characterization, the Q Exactive Plus Orbitrap employed a 
full MS scan followed by top 10 data-dependant MS2 acquisition (Appendix Method S1). 
Similarly the Q-TOF was run in full MS scan followed by auto-MS/MS with a preferred target 
list of the doubly charged precursor ions (Fig. 5.3, Appendix Fig. S1 and Appendix Method S2). 
 
Among the nine peptide species identified, four proline-hydroxylated variants corresponded to 
the D1 peptide. Hydroxylation occurred at Pro11 (D1:HyP11), Pro4 and Pro11 (D1:HyP4,11), 
Pro7 and Pro11 (D1:HyP47,11) and, Pro4, Pro7 and Pro11 (D1:HyP4,7,11). From the MS/MS 
spectra, the three signature peaks for D1 peptide variants (y5, y9, and y12) were used to 
determine the hydroxylation at the three proline residues as shown by the D1:HyP4,7,11 
spectrum (Fig. 5.3A, Appendix Fig. S3 and Appendix Method S3). Another four D1 peptide 
variants were identified as having triarabinosylation at Pro11. These peptides were the 
arabinosylated counterparts of the four hydroxylated D1 peptides (Fig. 5.2B, Fig. 5.3, Appendix 
Fig. S4 and Appendix Method S3). The peptides were identified with triarabinosylation at Pro11 
(D1:TaP11), hydroxylation at Pro4 and triarabinosylation at Pro11 (D1:HyP4,TaP11), 
hydroxylation at Pro7 and triarabinosylation at Pro11 (D1:HyP7,TaP11), and hydroxylation on 
both Pro4 and Pro7 with triarabinosylation at Pro11 (D1:HyP4,7,Tap11). Similarly, the three 
signature peaks were used to determine the respective triarabinosylation position on the proline 
residue (Fig. 5.3B and Supplementary Fig. S4). For the D2 peptide, only one species was 
identified with hydroxylation at Pro11 (Fig. 5.3C). The hydroxylated peptides constituted 93.5% 
of the total peptides isolated while the triarabinosylated peptides constituted only 6.5% of the 
total. 
134 
 
135 
 
Figure 5.3: The MS/MS spectra of novel MtCEP1 peptide species analysed by Q Exactive 
Plus Hybrid Quadrupole-Orbitrap MS. (A) Identification of the trihydroxylated D1 peptide. 
Nano LC-MS/MS spectrum at 15.31 min of the [M+2H]2+ for the trihydroxylated D1:HyP4,7,11 
(m/z 757.8471) showed three signature ion fragments y5, y9 and y12 indicating that the 15 
amino acid MtCEP1 D1 peptide is hydroxylated at all three prolines. (B) Identification of the 
dihydroxylated and tri-arabinosylated D1 peptide. The MS/MS spectrum at 16.11 min of 
[M+2H]2+ for D1:HyP4,7,Tap11 (m/z 955.9105) showed extra peaks accompanying the three 
signature ion fragments with a shift of m/z 132 indicating that the peptide is arabinosylated at 
Pro11 and hydroxylated at Pro4 and Pro7. (C) Identification of the monohydroxylated D2 
peptide. The MS/MS spectrum at 10.60 min [M+2H]2+ for D2:HyP11 (m/z 804.3817) showed 
the 15 amino acid MtCEP1 D2 peptide is hydroxylated at Pro11. 
 
 
5.4.3 MtCEP1 peptide species with specific hydroxylation patterns affect root 
development differentially 
To determine the biological effects of the different PTMs, the hydroxylated peptide isoforms 
were synthesized and assayed since these were the most abundant species found. It should be 
noted that synthetic Fmoc derivatives of triarabinosylated proline are not commercially available 
and this precludes the ability to make peptides with triarabinosylated prolines. Lateral root and 
CCP site formation were assessed at 5 mM KNO3 (Fig. 5.4A, B, D); nodule formation was 
assessed at 0 mM KNO3 (Fig. 5.4C). As expected, most peptide variants inhibited emerged 
lateral root number and induced periodic CCP sites (Fig. 5.4A, D). The D1:HyP4,11 showed the 
strongest inhibition of lateral root number and induced the highest number of CCP sites. The 
most abundant domain 1 peptide isolated from the root exudates, D1:HyP4,7,11, imparted less 
prominent phenotypes than D1:HyP4,11. A titration of D1:HyP4,7,11 showed significant 
inhibition of lateral root emergence at concentrations as low as 10-9 M (Supplementary Fig. S5).  
 
A root clearing procedure was developed to determine the effects of the MtCEP1 peptide species 
on the early stages of lateral root formation defined by Herrbach et al. (2014) using differential 
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interference contrast microscopy. Since M. truncatula roots are over 15 times the diameter of 
Arabidopsis roots, the early stages (I and II) of lateral root formation were impossible to observe 
and count due to limited cellular resolution resulting from the thick root. However, stages III–IV 
and V–VI can be scored (these were pooled due to the limited ability to distinguish between the 
two paired stages). At 5 mM KNO3, D1:HyP4,11 inhibition of emerged lateral root number was 
not linked to any significant changes at stages III–IV and V–VI (Fig. 5.4B). However, 
D1:HyP7,11, D1:HyP4,7,11 and especially the second domain D2:HyP11 peptides significantly 
increased lateral root formation at stages III–IV (3-fold for D1:HyP7,11 and D1:HyP4,7,11 and 
6-fold for D2:HyP11; Fig. 5.4B; P < 0.001). This differential activity suggests that there are at 
least two distinct functional classes of MtCEP1 peptides. 
 
As MtCEP1 is up-regulated by nitrogen limitation (Imin et al., 2013), the bioactivity of the 
MtCEP1 peptides was also tested for lateral root inhibition and enhanced nodule formation at 0 
mM nitrate. D1:HyP4,11 and D1:HyP7,11 significantly increased nodule number with 
D1:HyP4,11 forming the highest nodule number. Interestingly, under these conditions only 
D1:HyP4,11 and D1:HyP4,7,11 inhibited lateral root formation (Fig. 5.4C).  
 
5.4.4 The effects of continuous versus transient exposure of CEP peptides on root 
development 
Since MtCEP1 D1:HyP4,11 induced the strongest inhibition of emerged lateral root number and 
D2:HyP11 induced the highest number of lateral root initiations, these peptides were studied 
further. We examined whether removal of peptide exposure rescued the inhibition of lateral root 
formation by D1:HyP4,11 or promoted the emergence of lateral root primordia induced by
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Figure 5.4: The effects of different synthetic MtCEP1 peptide species on lateral organ 
development on wild-type (A17) roots. (A) Emerged lateral root and CCP site formation was 
measured on roots grown on Fåhraeus medium containing 5 mM KNO3 and different species of 
MtCEP1 peptides; (n ≥ 21). (B) A17 roots grown on different MtCEP1 peptides were counted 
after root clearing for non-emerged lateral roots at Stages III–IV and V–VI; (n ≥ 8). (C) Nodules 
and emerged lateral roots were observed on roots inoculated with S. meliloti WSM1022 and 
grown with the respective MtCEP1 peptides; (n ≥ 26). For (B-C), statistically significant 
differences were determined with ANOVA (F < 0.001), followed by a Tukey’s post-hoc analysis 
test at the 95% confidence level (α = 0.05) indicated by the lettering. In (B), the lowercase letters 
indicate the significance level of either stages III–IV or V–VI and the uppercase letters indicate 
the significance level for the total number of lateral root primordia. (D) Lateral root formation on 
representative plants grown on 5 mM KNO3 in the presence of different peptides. White and red 
asterisks indicate emerged lateral roots and CCP sites, respectively. (E) Effects of temporal CEP 
peptide exposure on the lateral root formation. Lateral root emergence was quantified on 14-day-
old plants exposed to either synthetic D1:HyP4,11 or D2:HyP11 for three, five or nine days 
before transferring the plants to a medium without peptide. Plants exposed to D1:HyP4,11 or 
D2:HyP11 or no peptide addition for the entire 14 days are included (no transfer, grey). 
Immediately after the transfer, the root tip (RT) position was marked. The lateral root numbers 
forming above RT after transfer or forming below RT after transfer (grown in the absence of 
CEP peptide) were scored. n ≥ 30; *, P ≤ 0.05; ***, P ≤ 0.001 (Student’s t-test). Error bars 
represent standard error. 
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D2:HyP11. This was done by transferring the plants initially grown with the respective peptides 
for three, or five or nine days respectively to growth medium without peptides and plants were 
grown for 14 days in total (Fig. 5.4E). The root tips at the time of transfer were marked to 
delineate the root region that had been exposed to the peptide from the region that grew 
subsequent to peptide removal. Control plants were grown with continuous exposure to the 
peptide or no peptide exposure for 14 days (Fig. 5.4E). Continuous exposure to D1:HyP4,11 and 
D2:HyP11 peptides (no transfer) reduced the number of emerged lateral roots significantly. For 
D1:HyP4,11, the root region grown on the peptide for three, five or nine days respectively 
formed a significantly lower number of emerged lateral roots. Upon peptide removal, the total 
emerged lateral root number was restored to the wild-type level due to an increase in emerged 
lateral root number from the new root regions that grew in the absence of peptide exposure (Fig. 
4E). For D2:HyP11, there was no significant change in emerged lateral root number on the root 
regions exposed to the peptide for three days, thus the total number of emerged lateral roots was 
similar to the non-treated control. However, when exposed to D2:HyP11 for five or nine days, 
the total number of emerged lateral roots was higher compared to the non-treated control. Thus 
for D2:HyP11, the peptide removal promoted lateral root emergence only after more than five 
days’ exposure to the peptide. 
 
Interactions of MtCEP1 D1:HyP4,11 and D2:HyP11 peptides with auxin treatment and response  
NAA stimulates lateral root initiation by specifying lateral root founder cells (Casimiro et al., 
2001; De Smet et al., 2007; Dubrovsky et al., 2008) and promotes lateral root emergence or both 
initiation and emergence in Arabidopsis, rice and tobacco (Bhalerao et al., 2002; Campanoni and 
Nick, 2005; Sreevidya et al., 2010). Therefore, NAA was assessed for its ability to override the 
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Figure 5.5: Interactions of MtCEP1 peptides with NAA treatment and CEP peptide effect 
on GH3:GUS expression in roots. (A) Lateral root formation on 14-day-old plants grown on 
medium with or without synthetic D1:HyP4,11 or D2:HyP11 in the presence of NAA at 10–9 M 
or 10-10 M or 0 M as the control. (Student’s t-test; **, P ≤ 0.01; n ≥ 16). (B) Non-treated control 
roots showing the formation of young lateral root primordium expressing GH3:GUS (white 
asterisk). (C) The D2:HyP11 peptide which stimulated the formation of lateral root primordia 
showed strong staining (white asterisks). (D, E) CCP sites (red asterisks) induced by the 
D2:HyP11 (D) and D1:HyP4,11 (E) are shown. Scale bars, 100 µm. 
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inhibitory effects on lateral root formation of these two peptides (Fig. 5.5A). Using a titration 
assay, we determined that the optimal NAA concentration for stimulating lateral root emergence 
in Medicago without inhibiting the primary root growth was 10-10 M (Supplementary Fig. S6). 
Therefore, the effects of adding NAA at 10-10 or 10-9 M were assessed. NAA at 10-10 M 
significantly increased the number of emerged lateral roots in control samples. NAA (10-10 M) in 
the presence of D1:HyP4,11 induced a small but significant increase in the number of emerged 
lateral roots compared to roots treated only with the peptide, however the overall level was over 
three-fold lower than 10-10 M NAA treatment alone. Further raising NAA to 10-9 M did not 
significant increase lateral root number. NAA addition at 10-10 M or 10-9 M did not increase the 
number of emerged lateral roots on plant grown with D2:HyP11. 
 
To determine whether the D1:HyP4,11 and D2:HyP11 peptides affect root auxin distribution, we 
used the auxin-responsive GH3:GUS reporter construct that is commonly used to infer changes 
in auxin distribution and sensitivity in legumes (Larkin et al., 1996; Mathesius et al., 1998). In 
the control, lateral root primordia were prominently stained (Fig. 5.5B, white asterisks). For both 
peptide treatments, stronger staining was observed in the vascular tissues (Fig. 5.5C–E). 
Additionally, consistent with results in Fig. 5.4B, a high number of young lateral root 
primordium sites were induced by D2:HyP11 and these were also prominently stained (Fig. 
5.5C). Again consistent with Fig. 5.5A, roots grown with D1:HyP4,11 showed strong inhibition 
of lateral root initiation and preferential formation of periodic CCP sites (Fig. 5.5D, red 
asterisks). The CCP sites showed strong localized GH3:GUS staining in the underlying vascular 
tissue and the surrounding inner cortical cells (Fig. 5.5D and Supplementary Fig. S6B) compared 
to the control (Fig. 5.5B and Supplementary Fig. S6A). The D2:HyP11 peptide induced a similar 
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staining pattern at CCP sites (Fig. 5.5E and Supplementary Fig. S6B). Roots transformed with 
the vector control showed similar staining pattern as roots grown with no peptide 
(Supplementary Fig. S6C, D). MtCEP1ox roots showed increased staining in the vascular tissue 
and intense localized staining at CCP sites (Supplementary Fig. S6D).  
 
5.5 Discussion 
Most biologically active secreted peptides acquire PTMs in vivo. These modifications can 
elevate activity up to 1000 times higher than their non-modified counterparts (Ohyama et al., 
2009; Matsuzaki et al., 2010; Whitford et al., 2012). Therefore, defining the full range of mature 
peptides with their PTMs produced in vivo is important to study their full biological activities. 
To address this, most protocols use cultures overexpressing peptide coding genes of interest to 
maximize production. In this study, we devised a more optimized extraction, enrichment and 
identification procedure to define several mature forms of secreted MtCEP1 peptides in root 
cultures overexpressing MtCEP1 or containing the vector control. The modified protocol 
developed in the present study was robust and resulted in a 10 000-fold concentration of peptides 
in root culture exudates, reproducible detection of peptides by two types of mass spectrometers, 
and congruent results being obtained with independent biological preparations. Using this 
procedure we identified five hydroxylated CEP peptides and four novel triarabinosylated species 
as well as peptides corresponding to both domains of MtCEP1. We demonstrated that the 
identification of low abundant arabinosylated peptides requires an effective peptide isolation 
protocol and highly sensitive MS. This is the first study that identifies triarabinosylation of CEP 
peptides. 
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The identification of novel post-translationally modified MtCEP1 peptides corresponding to the 
two MtCEP1 domains suggests that maturation of CEP peptides is complex. Hydroxylated 
peptides comprised over 93% of MtCEP1 peptides compared to the arabinosylated peptides 
(~6%). The D1:HyP4,7,11 comprised 54% of the total isolated peptides found. Since these 
abundant hydroxylated peptides were also present in the vector control, this indicates that they 
are very likely to occur in vivo. As proline hydroxylation is a requirement prior to 
arabinosylation by hydroxyproline O-arabinosyltransferase (HPAT) (Ogawa-Ohnishi et al., 
2013), it is likely that the HPATs are the limiting factor for arabinosylating the peptides. This 
could be due to HPATs being infrequently co-located with the proline hydroxylase enzymes, or 
HPATs being expressed under different conditions to the hydroxylating enzymes. Only the 
Pro11 of the D1 peptides was triarabinosylated. The strong conservation of CEP C-terminal 
residues that occurs widely across species (Delay et al., 2013a; Imin et al., 2013; Ogilvie et al., 
2014) may be needed for the enzymatic modification of P11. Imin et al. (2013) demonstrated 
that CEPs were required to be 15-amino-acids and hydroxylated for biological activity. 
 
The five peptides identified in the vector control samples were also the five most abundant 
peptides in MtCEP1ox samples but they were present in the latter at ~10 times lower 
concentration. Therefore, this CEP peptide composition is likely to reflect the endogenous CEP 
composition of M. truncatula roots. The 500-fold higher expression of MtCEP1 relative to the 
native gene (Imin et al. 2013) leads to demonstrable root phenotypes and enables CEP activity to 
be bioassayed. However, the CEP peptides found in this study are not at 500 times the level of 
those of the empty vector control. One possible explanation is that the higher root mass of vector 
control samples may have compensated the lower MtCEP1 expression compared to the 
143 
 
MtCEP1ox samples. Alternatively, the higher root mass of the control roots might also have led 
to faster nitrogen depletion, which, in the roots containing the vector control, may have induced 
native MtCEP1 expression sufficiently to be detected by MS. Nitrogen depletion is known to 
significantly elevate MtCEP1 expression (Imin et al., 2013).  
 
The difference in the degree and position of the hydroxylation moieties on the D1 peptides 
resulted in different effects on root development. In Imin et al. (2013), roots overexpressing 
MtCEP1 imparted strong inhibition of emerged lateral root number, enhancement of root nodule 
formation and induction of periodic CCP sites. These results appear to reflect the particularly 
strong effects that the D1:HyP4,11 peptide has for inhibiting lateral root emergence, enhancing 
nodulation and inducing CCP sites.  
 
The peptide removal experiments were designed to determine if the exposure of CEP peptides 
imparted transient or long lasting effects on lateral root development. The removal of 
D1:HyP4,11 peptide exposure (Fig. 4E) did not rescue the inhibition of lateral root emergence in 
the root regions exposed to the peptide. However, a compensatory higher number of lateral roots 
was observed to emerge in the root regions that grew subsequently in the absence of the peptide. 
This demonstrates that these plants can restore the number of lateral roots to a wild-type level 
after the removal of D1:HyP4,11 peptide exposure. Similarly the strong inhibition of emerged 
lateral root number by D1:HyP4,11 was not restored to wild-type level even when NAA was 
added at optimal concentrations to promote lateral root emergence. Therefore D1:HyP4,11 seems 
to irreversibly inhibit lateral root emergence, possibly by perturbing the programming of lateral 
root formation. 
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In contrast to D1:HyP4,11, the domain 2 peptide, D2:HyP11 (as well as D1:Hyp7,11 and 
D1:Hyp4,7,11), significantly increased the number of non-emerged lateral root primordia at 
stages III–IV. This was corroborated by the increased number of non-emerged lateral roots 
observed by examining GH3:GUS expression in roots treated with D2:HyP11. Unlike the 
D1:Hyp4,11 peptide, the non-emerged lateral roots failed to grow further unless peptide 
exposure was removed, and this consequently led to increased lateral root emergence compared 
to control roots. NAA addition to wild-type plants at 10-10 M also induces a significant increase 
in the number of emerged lateral roots, as observed in other plants (Bhalerao et al., 2002; 
Campanoni and Nick, 2005; Sreevidya et al., 2010). However, NAA addition to D2:HyP11-
treated roots did not change the emerged lateral root number. Therefore, the high number of 
lateral root primordia at stages III–IV induced by D2:HyP11 most likely requires an auxin 
independent pathway(s) to promote their emergence in M. truncatula. Alternatively, the inability 
of NAA to rescue D2:HyP11 peptide treatment could be due to the peptide effects on auxin 
transport. Previous study on lateral root emergence in Arabidopsis revealed that coordinated 
auxin transport mechanism is needed for lateral root emergence (Peret et al., 2013) 
 
CEP peptides may influence auxin level, sensitivity or flow since they alter the root expression 
pattern of the auxin-responsive GH3:GUS reporter. The strong GUS staining observed at CCP 
sites especially in the presence of D1:HyP4,11 correlates with the increase in cell division 
previously observed at these sites (Imin et al., 2013). The stronger staining of GH3:GUS 
observed in the vascular tissues of peptide-grown roots may reflect a supraoptimal auxin 
response which could affect lateral root development (De Smet et al., 2007). However, although 
auxin maxima correlates with lateral root formation as reflected by the strong GH3:GUS 
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at CCP sites, this was not sufficient to encourage lateral root formation in the presence of 
D1:HyP4,11. 
 
The distinctive biological activities of the different MtCEP1 peptide species could be due to the 
differential perception and recognition of specific peptides. NMR analysis of MtCEP1 
(D1:HyP4,11) and a root-knot nematode CEP revealed that hydroxylation of Pro4 and Pro11 
resulted in lower structural constraints on the peptide backbone (Bobay et al., 2013). This may 
reflect the different biological effects imparted by MtCEP1 peptides with different proline 
hydroxylation patterns. Other modifications such as arabinosylation and sulfation strongly alter 
biological activities of CLE and RGF peptides, respectively (Shinohara and Matsubayashi, 
2013). The structural differences resulting from these PTMs could provide binding specificity of 
the peptides to their respective receptor(s). 
 
5.6 Conclusion 
In conclusion, our modified extraction and isolation protocol enabled sufficient enrichment of 
endogenous peptides which led to the detection, identification and quantification of nine 
MtCEP1 peptide species including novel arabinosylated CEP peptide species using a sensitive 
MS analysis. This suggests that MtCEP1-mediated regulation of root development results from 
the processing and PTM of various peptide species and/or multi-domain peptides from a single 
gene. The differential activity of these CEP peptides for regulating root development might be 
attributable to the differences observed in the PTMs. Hence, the complexity of peptide-mediated 
developmental processes is influenced by the primary sequence of the peptide and its processing 
and post-translational modification. Future work characterizing more endogenous secreted 
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peptides is essential to understand how these potent regulatory molecules are processed and 
modified, and how these modifications influence their biological activities. Our improved 
procedure for peptide isolation should provide a robust and efficient method to identify and 
characterize other secreted peptides. Our work also shows that the inhibition of lateral roots and 
the formation of periodic CCP sites occur in root cultures overexpressing MtCEP1 in the absence 
of intact shoots and light. Therefore, CEP peptides may also mediate local responses in the root 
in addition to the systemic responses recently identified by Tabata et al. (2014). 
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6 GENERAL DISCUSSION 
 
Plant regulatory peptides provide important signaling cues in plant developmental regulation. 
Currently, several plant regulatory peptide families have been characterized including the CEP 
peptide family. At the beginning of this project, the only literature available related to the CEP1 
peptide in Arabidopsis.  This showed that CEP1 overexpression led to negative regulation of 
shoot and root development and that hydroxylated 14 and 15 amino acid species were secreted 
into the cultured medium of submerged plants (Ohyama et al., 2008). However there was no link 
between CEP peptides and environmental regulations or any details relating to the mechanisms 
by which CEP peptides modulate plant development or how CEP peptides function. Initially, our 
lab had discovered that the MtCEP1-encoding gene was upregulated in nitrogen limited and 
starved roots. This was determined from an examination of the gene expression database, 
MtGEA 3.0 as well as gene expression analysis. Subsequently, MtCEP1 was further explored for 
its regulation in root development including nitrogen modulation as described in this thesis 
(Chapter 3). This led to the functional characterizations of MtCEP1 in root development and 
nodule development (Chapter 3) with a focus on ethylene-mediated nodule development 
(Chapter 4) and the subsequent identification of the endogenous peptides (Chapter 5). 
 
Although the first literature on CEP in Arabidopsis showed the identification of the endogenous 
peptides, no endogenous peptide including CEP from M. truncatula has been isolated yet. As 
plant regulatory peptides are produced endogenously at very low concentrations, isolating and 
identifying these peptides is very challenging. In this project, the known protocol for isolating 
peptides in Arabidopsis (Ohyama et al., 2008) was modified and the peptide identification was 
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carried out using the highly sensitive nano-LC MS. Hence, this project paved the way for 
isolating root-specific peptides in M. truncatula and led to the discovery of the first novel 
triarabinosylated CEP encoded from a multidomain M. truncatula CEP gene. 
 
This thesis addresses the following three major themes: 
1. MtCEP1 regulation of nitrogen-mediated root development (Chapter 3). MtCEP1 is 
highly upregulated in roots grown in nitrogen-limited condition with even higher 
upregulation when grown in high carbon dioxide level. Subsequent forward genetics 
using gene overexpression led to three developmental phenotypes: (1) reduced lateral 
root emergence, (2) enhanced nodulation levels, and (3) the formation of CCP sites. 
Similar phenotypes were observed on roots grown in the presence of the corresponding 
synthetic MtCEP1 peptides of domain 1 and 2. However, knockdown of both MtCEP1 
using RNAi showed increased lateral roots and no change in the nodule number. This 
suggests that MtCEP1 could be directly regulating lateral root development but not 
nodule number. The structure-function peptide assay showed the conserved residues of 
the peptide is important for its activities. Hence, MtCEP1 is involved in the modulation 
of lateral root formation and hence is likely to play a key role in controlling plant root 
architecture during nitrogen-limited conditions.  
 
2. In the presence of elevated MtCEP1 levels, a functional EIN2-mediated ethylene 
signalling pathway is required for nodulation enhancement by MtCEP1 (Chapter 
4). The elevated levels of MtCEP1 are likely to reduce the ethylene signalling output 
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contributing to the formation of fused nodule foci, a wider nodulation zone and increased 
nodule number. Furthermore, MtCEP1-treated roots displayed less inhibition by 
exogenous application of ethylene precursor, ACC, during nodule formation, 
corroborating the reduced ethylene signaling output by MtCEP1. By utilizing the 
ethylene-insensitive mutant, sickle and the ethylene signaling inhibitor, AgNO3, the 
enhancement of nodulation by elevated levels of MtCEP1 was shown to require 
functional EIN2-mediated ethylene signaling pathway. This is further supported by the 
reduction in EIN2-dependent pseudonodule formation on MtCEP1-treated roots. 
3. Modified peptide isolation protocol had identified nine endogenous peptide 
produced by MtCEP1 (Chapter 5). Nine endogenous MtCEP1 peptides were identified 
in root cultures corresponding to the 15 amino acid CEP peptides in domain 1 and 2.  
Domain 1 species were either hydroxylated at proline residues, or, both triarabinosylated 
and hydroxylated at the proline at position 11. Domain 2 peptides were found to be 
hydroxylated only. A modified isolation protocol was used which incorporate the use of 
highly sensitive nano-LC MS analysis. The different hydroxylated peptide species 
showed a range of differential biological activity with a combination of lateral root 
emergence inhibition, promotion of lateral root primordia formation, and/or increased in 
nodule number. The findings suggest the complexity of peptide signaling in mediating 
dynamic regulation of root development. 
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These three themes are addressed below in three subsections which focus on: (1) MtCEP1 
regulation of the lateral organ development during nitrogen limitation, (2) MtCEP1 involvement 
in the EIN2-mediated ethylene signalling pathway for lateral organ formation, and (3) 
modulation of signal transduction pathways by the production of different species of endogenous 
MtCEP1 peptides. This chapter also discusses the future projects that could be further explored 
to provide a more comprehensive understanding of CEP regulation of plant root development. 
 
6.1 MtCEP1 is involved in nitrogen-limited response of M. truncatula root 
development by regulating lateral root and nodule formation in response 
to nitrogen availability 
Nitrogen limitation is a prerequisite for nodule initiation and promotes lateral root formation 
(Zhang et al, 2007; Barbulova et al, 2007; Jeudy et al., 2010; Ruffel et al., 2011). As plant root 
architecture is heavily influenced by nitrogen availability, plant roots need to perceive the 
nitrogen level in the soil and relay the signal for the root to respond accordingly (Walch-Liu et 
al., 2006; Castaings et al., 2010; Gutierrez, 2012). MtCEP1 is likely to be involved in this 
regulatory pathway as a signaling molecule during nitrogen limitation. Nitrogen limitation has 
been shown to promote lateral root formation in M. truncatula (Ruffel et al., 2011) as well as in 
Arabidopsis (Zhang et al., 2007). However, further studies on Arabidopsis had demonstrated 
lateral root inhibition during severe nitrogen starvation (Sánchez-Calderón et al., 2013; Gruber et 
al., 2013). Therefore, over-representation of MtCEP1 by overexpressing the peptide-encoding 
gene or treating the roots with the synthetic peptide could reflect supra-optimal levels of 
MtCEP1 during nitrogen starvation response rather than nitrogen limitation. Alternatively, 
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MtCEP1 could act as the negative regulator during nitrogen limitation and the overrepresentation 
of MtCEP1 throughout the whole root in the experiments reflect the phenotypic artefact of the 
peptide. The increased expression of MtCEP1 in nitrogen-limited grown roots is even further 
upregulated by high carbon dioxide levels. The nitrogen and carbon availability influences root 
development with high carbon dioxide level providing a larger carbon-to-nitrogen ratio due to 
more carbon skeletons available (Zheng, 2009). Thus in high carbon availability, the root needs 
to acquire even more nitrogen by modulating its growth architecture to incorporate the fixed 
carbon for protein production. This is reflected by the increased carbon allocation to the root to 
accommodate the carbon accumulation in the shoot (Hermans et al., 2006). The MtCEP1-
mediated phenotypes (inhibition of lateral roots and enhancement in nodulation) suggest the 
different roles of MtCEP1 regulation in the lateral organ development in response to nitrogen 
and carbon availability. Further studies on the nutrient allocation by MtCEP1 in response to 
various carbon (such as sucrose application) and/or nitrogen availabilities could be further 
explored to verify this hypothesis. 
 
MtCEP1 is involved in the nitrogen limitation response by regulating lateral root and nodule 
formation. Small molecules such as MtCEP1 peptide mediate the signaling pathways between 
the environmental cues (i.e. nitrogen availability) and the regulation of plant root architecture 
(i.e. modulation of lateral organ development). MtCEP1 is highly expressed in the vascular 
tissue, the elongation zone and both lateral root and nodule primordia. However, as mentioned 
previously, the overexpression of MtCEP1 or MtCEP1 peptide treatment to roots show opposite 
phenotypic effects with positive and negative regulation of nodule and lateral root, respectively. 
The discovery of the endogenous MtCEP1 peptides (D1 and D2) derived from the two MtCEP1 
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domains demonstrated the dynamic MtCEP1 regulation of lateral root development. Although 
both D1 and D2 peptide of MtCEP1 strongly inhibits lateral root emergence, closer examination 
of the lateral root development in the presence of D2 peptide shows a significant increased in 
lateral root primordia. This suggests that MtCEP1 regulation requires optimal balance between 
the D1 and D2 peptides for the fine-tuning of lateral root formation within the spatial and 
temporal regulation. This fine-tuning likely involves the decision to either initiate or promote 
emergence of lateral roots which is part of cellular programming events. Similarly, in nodulation, 
the MtCEP1 peptide may provide the developmental cue for cellular susceptibility for the 
potential initiation of nodules.  
 
The endogenous MtCEP1 is hypothesized to directly regulate lateral root development and may 
indirectly be involved in nodule development. The results from knocking-down MtCEP1 via 
MtCEP1 RNAi transgenic hairy roots (Chapter 3) showed increased lateral root number with no 
change in nodule number. However, high expression of MtCEP1 in nodules primordia and young 
nodules may explain the increased in nodule number within a wider nodulation zone in the 
presence of elevated MtCEP1 levels. As MtCEP1 is upregulated in limited nitrogen condition, 
which is also a prerequisite for nodulation, elevated MtCEP1 levels may affect root susceptibility 
for nodulation by partly mimicking the root response to nitrogen limitation. Over-representation 
of MtCEP1 could also mimic other CEP(s) which may directly involved in nodule development. 
Additionally, the phenotypes observed from the ectopic MtCEP1 overexpression and from 
synthetic peptide treatment on the whole root could be due to unregulated spatiotemporal 
representation of MtCEP1. The phenotypes could arise from MtCEP1 presented in the wrong 
tissue at the wrong time. Nonetheless, MtCEP1 is still an important signaling molecule for 
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regulating the root architecture during nitrogen limitation, likely by providing a cellular cue for 
lateral organ development. 
 
6.1.1 Auxin involvement during the regulation of MtCEP1-mediated root phenotype 
The developmental cue mediated by MtCEP1 regulation may involve the auxin pathway for 
regulating the lateral organ formation. High auxin level is essential for both lateral root and 
nodule initiation. Using the auxin reporter GH3:GUS to infer changes in auxin level or 
sensitivity, MtCEP1ox hairy roots and roots treated with MtCEP1 peptides showed increased 
expression of GH3. Additionally, the CCP sites were also highly stained suggesting the high 
auxin response at the CCP sites but is not sufficient for lateral organ formation unless induced by 
other external cues. The CCP sites may arise from a periodic mechanism that is involved in 
lateral organ formation. Interestingly, an oscillating gene mechanism discovered in Arabidopsis 
showed periodic auxin response coinciding with potential lateral root initiation sites (Moreno-
Risueno et al., 2010). In addition, an ERN1 mutant in Medicago, bit1-2, has a non-symbiotic 
periodic root hairs phenotype (Middleton et al., 2007). Further studies on this phenomenon 
would be benficial in understanding the periodic regulation of lateral organ development. 
In M. truncatula, the shoot-to-root auxin transport for nitrogen-mediated lateral root regulation is 
a SUNN-dependent pathway (Jin et al., 2012). High flux of auxin from to shoot to root is 
observed when roots are grown under nitrogen limitation to induce more lateral roots. As 
MtCEP1 is involved in the root nitrogen limitation response, the increased GH3:GUS in the 
presence of MtCEP1 peptide or in MtCEP1ox roots could partly be explained by the increase in 
shoot-to-root SUNN-dependent auxin transport. However, contrary to the expected stimulation 
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for lateral root development, MtCEP1 peptides inhibit lateral root emergence even when the 
roots exhibit high auxin level or sensitivity. Among the two MtCEP1 peptides, D1 and D2, only 
D2 peptide promotes lateral root primordia formation. Therefore the high auxin response could 
reflect the MtCEP1 involvement in nitrogen limitation response but the potential lateral root 
formation sites require additional cues for developmental progression to emerge as functional 
lateral roots. 
 
6.1.2 MtCEP1 could be involved in local regulation of nitrogen-mediated root 
development 
The observed MtCEP1-mediated root phenotypes (lateral root inhibition and CCP formation) 
suggest that MtCEP1 is likely to be involved in local regulation of root development. As 
demonstrated in Chapter 3, the MtCEP1 inhibition of lateral root formation could be partially 
alleviated with the removal of the primary root tip (released from apical dominance) but did not 
rescue the lateral root number to the wild-type level. Hence the strong inhibition is likely to act 
locally. The MtCEP1ox phenotypes of lateral root inhibition and CCP site formation still persist 
in hairy root culture without the presence of the shoot suggesting that the resultant root 
phenotypes is shoot-independent. The recent study in Arabidopsis shows CEP peptides bind to 
two receptor kinases called CEPR (CEP Receptor), CEPR1 and CEPR2 and the interaction 
requires the shoot for mediating nitrogen-limitation regulation of the lateral root development 
(Tabata et al., 2014). However, the paper only observed the NRT2.1 as the direct output of the 
nitrogen-limitation response mediated by the CEP peptides and did not report on the systemic 
effects to the overall root architecture. The persistent phenotypes of MtCEP1ox root cultures 
(lateral root inhibition and CCP site formation) suggest that the roots do not require the peptide 
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transport to the shoot for their root architecture modulation. Nevertheless, the local regulation 
may participate in signaling crosstalk with the systemic pathway and more studies should be 
carried out to further confirm this regulation. In addition, with the recent discovery of a CEPR1 
homologue in M. truncatula, CRA2 (Compact Root Architecture 2) (Huault et al., 2014), the 
potential interaction between MtCEP1 and the CRA2 could be explored. The cra2 mutant 
displayed opposite lateral organ phenotypes to MtCEP1ox and MtCEP1 peptide-treated roots 
with reduced nodule number and increased lateral root formation (Huault et al., 2014). 
Phenotypic analysis of the mutant showed local regulation of the lateral root formation and 
systemic regulation of nodule number (Huault et al., 2014). CRA2 is expressed in shoot and 
close to the root tip. This suggests that local and systemic regulation of nodulation by CRA2 
could be mediated differently. CRA2-MtCEP1 interaction is hypothesized to regulate nodulation 
at the local level. This is supported with the shared expression profile of both genes (Chapter 3; 
Huault et al., 2014). Hence, MtCEP1 is a likely candidate as a CRA2 ligand to mediate the 
signaling pathway. 
 
Therefore, from the results, MtCEP1 is shown to be regulated by nitrogen limitation in the root 
and its increase expression modulates lateral organ development (Fig 6.1). In the presence of 
elevated MtCEP1 levels, three distinct root phenotypes which are lateral root inhibition, 
increased in nodulation and CCP formation. These regulations may involve MtCEP1 modulation 
of the auxin pathway in the root. 
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6.2 MtCEP1 peptide-mediated nodule formation in the elevated MtCEP1 
levels involve EIN2-dependent ethylene signalling pathway 
Among the MtCEP1-mediated phenotypes, the enhancement in nodulation in the presence of 
elevated MtCEP1 levels is dependent on the EIN2-dependent ethylene signaling pathway. The 
ein2 mutant (sickle) and the addition of AgNO3 abolished nodulation enhancement by MtCEP1 
suggesting that the MtCEP1-mediated phenotype requires EIN2. This is also supported by the 
inhibition of EIN2-dependent pseudonodule formation by MtCEP1. Furthermore, the nodules 
formed in the presence of elevated MtCEP1 levels showed fused nodule foci, wider zone of 
nodulation and increased nodule number, indicating reduced EIN2 signalling. Analysis on sickle 
nodule development has suggested positive regulation of EIN2 in maintaining the nodule 
meristem (Xiao et al., 2015). Thus, as nodules formed in the presence of elevated MtCEP1 levels 
still maintained proper nodule meristem, MtCEP1 could likely be reducing the EIN2 signaling 
output without abolishing the function of EIN2 in nodule meristem maintenance. This regulation 
by MtCEP1 promotes higher nodule number within wider root zone. 
MtCEP1 provides the fine-tuning of the ethylene signaling pathway, likely to regulate cellular 
susceptibility at the elongation zone. The proliferating nodules within a wider nodulation zone on 
MtCEP1-treated roots could reflect the increased in the root susceptibility to nodulation mediated 
by elevating MtCEP1 levels. The elongation zone provides an important site for cellular 
programming of both lateral roots and nodules (Bhuvaneswari et al., 1980; Bhuvaneswari et al., 
1981). The zone of susceptibility for nodulation consists of primarily the elongation zone and the 
small region of the young differentiation zone (Figure 6.2) (Bhuvaneswari et al., 1981; 
Desbrosses and Stougaard, 2011). The high expression of MtCEP1 at the elongation zone 
suggests MtCEP1 may be involved in controlling the developmental programs for the production  
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Figure 6.1: Elevated levels of MtCEP1 affects root architecture. Elevated levels of MtCEP1 
in the roots via MtCEP1ox or treating the roots in the presence of 1 µM MtCEP1 synthetic 
peptide produces three distinct root phenotypes. The first is the reduced lateral root number due 
to inhibition of lateral root emergence. MtCEP1 domain 1 and domain 2 peptides differentially 
affect lateral root development: D2:HyP11 increases the number of lateral root primordia while 
D1:HyP4,11 inhibits lateral root formation as well as emergence.  The phenotype imparted by 
D1:HyP4,11 closely resembles the three root phenotypes imparted by MtCEP1ox. The second 
phenotype is an increase in nodule number and size as well as a wider nodulation zone. The third 
phenotype is the formation of periodic CCP sites characterized by a transient and localised 
increase in cell division in the pericycle, endodermal, cortical and epidermal cells. 
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Figure 6.2 EIN2-mediated ethylene signalling pathway is implicated in MtCEP1-mediated 
enhanced nodulation. Enhancement of nodulation by raising MtCEP1 levels leads to the 
formation of more fused nodules, a wider nodulation zone and increased nodule number. This 
process may be mediated through EIN2 which reduces the ethylene signalling output. This 
reduction in the ethylene response may affect the root susceptibility to nodulation which could be 
mediated at the zone of susceptibility. 
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of lateral organs. Extensive observation in lateral root and nodule development in M. truncatula 
showed several similarities in the formation of these organs (Herrbach et al., 2014; Xiao et al., 
2014). Compared to determinate nodules, indeterminate nodules formed in legumes such as in 
M. truncatula, retain their meristem at the nodule apex throughout the development. Thus this 
morphology resembles the meristem maintenance of the lateral root apical meristem and it has 
been suggested that indeterminate nodules is the “ground-state” nodule system which resembles 
lateral roots (Fernández-López et al., 1998). For M. truncatula, both organs developed from the 
inner cortical, endodermal and pericycle cells and preferentially initiate opposite the xylem pole 
(Herrbach et al., 2014; Xiao et al., 2014). However, the order in cellular division during the 
developmental stages is different. During the nodulation process, the endodermal cells will not 
divide until Stage III which is after initial division of both pericycle and inner cortical cells (Xiao 
et al., 2014). In lateral root development, the cell layers divide sequentially from inner most layer 
which is the pericycle cells in Stage I followed by the endodermal cells in Stage II and finally the 
inner cortical cells in subsequent stages (Herrbach et al., 2014). With respect to MtCEP1-
mediated phenotypes which have opposite effects on lateral root and nodule development, 
MtCEP1 could be involved in a pathway that is modulated differently between the two lateral 
organs. This may include the cellular division during the course of development of these organs. 
Indeed, one of the MtCEP1-mediated phenotypes is the aberrant cellular division giving rise to 
the CCP sites which may affect the initial cellular division for lateral roots and nodules. 
 
Perturbation in the ethylene pathway affects the root tropism response as shown by the reduced 
thigmotropic and gravitropic responses of MtCEP1-treated roots. Both tropic responses are likely 
due to ethylene affecting PIN2 recycling in the elongation zone (Růžička et al., 2007), hence the 
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perturbed tropic responses observed on the MtCEP1-treated roots. Ethylene regulation in the 
elongation zone, which includes crosstalks with auxin, affects the cellular sensitivity of the root 
to perceive ethylene in the differentiation zone. The same zone shows relatively high auxin 
maxima, which could be visualized by an auxin response element reporter construct, BA3:GUS, 
due to the reverse auxin flow mediated by PIN2 (Oono et al., 1998; Růžička et al., 2007).  As 
BA3:GUS has localized expression at the elongation zone compared to meristem-specific 
expression of DR5:GUS (Oono et al., 1998), BA3:GUS is a good candidate to test MtCEP1-
regulated ethylene-auxin pathways. Therefore, as MtCEP1 reduced the ethylene signaling output 
of the root, MtCEP1 is hypothesized to be involved in the auxin-ethylene regulation for 
modulating the root tropic responses. 
The auxin-ethylene crosstalks could be involved in MtCEP1 modulation of nodule development. 
A study on sickle had demonstrated EIN2 regulation of the local auxin response during nodule 
initiation (Prayitno et al., 2006). Using radiolabelled auxin, Prayitno et al. (2006) had shown that 
high auxin transport to the nodule initiation sites in sickle could explain the hypernodulation 
phenotype. The same study also showed the hypernodulation phenotype on sickle is root-
controlled. Therefore, MtCEP1-mediated nodulation phenotype could be locally regulated in the 
root via EIN2 modulation of the auxin pathway. High GH3:GUS expression observed in 
MtCEP1ox transgenic roots and the MtCEP1-treated roots compared to their respective controls 
may contribute to the enhanced nodulation as indicated in sickle.  
 
Taken together, MtCEP1 regulation of nodule development is modulated through the EIN2-
mediated ethylene signaling pathway (Figure 6.2). The site of action for this regulation is 
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primarily at the zone of susceptibility near the root tip. The elevated levels of MtCEP1 reduce 
the EIN2-mediated ethylene signaling output which leads to fused nodules, wider nodulation 
zone and increased nodule number. Thus MtCEP1 interaction with the EIN2-dependent ethylene 
pathway provides the fine-tuning of the root architecture regulation of M. truncatula. 
 
6.3 Endogenous MtCEP1 peptide requires complex processing and post-
translational modification to produce biologically active peptides 
 
6.3.1 Differential activities of MtCEP1 peptides due to variability in post-translational 
modifications 
MtCEP1 encodes for two peptide domains. This thesis showed that multiple 15 amino acid 
domain 1 and 2 peptides were produced from MtCEP1 and this opens the possibility that further 
complexity occurs in CEP peptide mediated regulation at the level of peptide post translational 
modification. Chapter 5 showed that these various peptides have differential biological activities. 
This suggests that these peptides could have different interactions with the same receptors or 
these peptides interact with different specific receptors altogether. Nonetheless, the differential 
biological activities are dictated by the degree of post-translational modifications of these 
peptides. NMR studies showed that the degree of hydroxylation on proline residues affected the 
overall structure of signalling peptides (Bobay et al., 2013; Shinohara and Matsubayashi, 2013). 
Studies on CLE peptide structural modelling showed structural changes caused by the different 
post-translational modifications affect the peptide binding to its respective receptors (Meng and 
162 
 
Feldman, 2010). This is substantiated by the structure-function studies done in Chapter 3 and 
Chapter 5 in this thesis and NMR analysis demonstrated by Bobay et al. (2013). 
 
Interestingly, the modifications of these peptides; hydroxylation on proline residues and 
triarabinosylation on hydroxyproline residues are common modifications for structural proteins 
on cell walls (Velasquez et al., 2011). This suggests that plant cells may utilize common 
enzymatic machineries (hydroxyproline o-arabinosyltransferases (HPAT) and prolyl 4-
hydroxylase (P4H)) to modify the structure of extracellular cell wall proteins such as extensin 
and secreted CEP peptides. As with cell wall proteins these modifications could help to increase 
the stability of CEP peptides and protect them from proteolytic degradation (Russell et al., 2009). 
It is well known that secreted proteases exist in extracellular fluids (e.g. Djordjevic et al., (2007)) 
and therefore structural components of the cell wall with longer half-lives may need to have this 
intrinsic “resistance-to-proteolytic degradation” property.  Consistent with this, CEP peptides 
seems to be quite stable as they accumulate in the secreted fraction of the root cultures used in 
Chapter 5 over the two-week culture period. The different post-translational modifications could 
also affect the dynamic turnover of specific peptides to induce specific signal transduction 
pathways.  
 
6.3.2 Multidomain peptides provide a dynamic response system for regulating root 
development 
The production of multiple peptide species from one peptide-encoding gene provides a dynamic 
regulation for root development. As shown in Chapter 5, the MtCEP1 peptides, derived from two 
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domains coupled with a combination of post-translational modifications, showed differential 
biological activities in regulating root development. This indicates that the processing required 
for producing the mature peptides contribute to dynamic regulation of the signaling pathway. 
These processing regulations include domain processing by peptidase(s) and post-translational 
modifications of the peptides.  
 
The peptides liberated from the two MtCEP1 domains, notably the D1:HyP4,11 and D2:HyP11, 
have different phenotypic effects on the root development. The D2:HyP11 peptide-treated roots 
displayed increased number of lateral root primordia while the D1:HyP4,11 exerted strong and 
persistent inhibition of lateral root emergence. The different effects of the peptide species from 
domain 1 and domain 2 of MtCEP1 could provide dynamic response under nitrogen limited 
conditions. As roots are exposed to highly fluctuating environment of various nitrogen levels, 
rapid response for regulating cellular decision is essential to exploit optimal growing condition 
such as high nitrogen patches during nitrogen limitation (Walch-Liu et al., 2006). By producing 
different peptides from two domains coupled with peptide processing regulation, these peptides 
could offer dynamic developmental switches responding to environmental conditions.  
 
It is interesting to note that the D1:HyP4,11 dictates the resultant root phenotype as observed in 
the MtCEP1ox even though the peptide is not the most abundant peptide. Furthermore, the 
D1:HyP4,11 also shows the strongest lateral root inhibition, highest CCP formation and nodule 
enhancement compared to the other peptides. These results give a better perspective in the 
complexity of plant peptide regulation. The highly modified peptide, trihydroxylated 
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D1:HyP4,7,11 was surprisingly not the strongest peptide in exerting its biological activity for 
regulating the root architecture. This could be due to the signaling output exerted by D1:HyP4,11 
which overrides other outputs mediated by other peptides or D1:HyP4,11 has the strongest 
interaction with a specific receptor hence acting as a competitive inhibitor with other peptides. 
These different concentration ranges may provide better fine-tuning of the regulatory pathway. 
 
The identification of these different MtCEP1 peptide populations gives important insights in 
peptide regulation (Figure 6.3). The common gene-specific regulation occurs at the level of 
transcription and translation. This includes the spatial and temporal control of the gene 
expression which also applies to peptide-encoding genes including MtCEP1. The identification 
of MtCEP1 peptide isoforms suggests another level of regulation in the mediating peptide 
signaling pathway. Cleaving and processing the propeptide to release the MtCEP1 peptide 
backbone, D1 and D2, from the two domains requires both endo- and exopeptidases. Regulation 
of these processes influence the population of the peptide species under a specific signaling 
regime as reflected by the higher amount of D1 peptide compared to D2. Another level of 
regulation is provided by the post-translational modification machineries. For proline 
hydroxylation, the enzyme responsible for this modification is proline hydroxylase while 
hydroxyproline O-arabinosyltransferase is responsible for arabinosylation (Ogawa-Ohnishi et al., 
2013). As the components involved in modifying the peptides are also products of several genes, 
the expression of these genes could also regulate the different population of specific peptide 
isoforms in certain tissue at a given times. Therefore these regulations provide tight specificity 
for peptide signaling with respect to the tissue and environmental cue it is regulating. 
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Figure 6.3: Putative regulatory pathway for MtCEP1 peptide signaling pathway. MtCEP1 
is shown to be regulated by nitrogen availability and carbon dioxide level which could affect the 
production of the propeptide. Subsequently, the MtCEP1 propeptide contains two peptide 
domains which are processed by peptidase(s) to form two peptide scaffolds (D1 and D2). These 
two peptides are then post-translationally modified by hydroxylation and/or triarabinosylation to 
form at least nine biologically active peptides. These processing pathways provide another level 
of regulation in the peptide signaling pathway. Once the peptides are secreted extracellularly into 
the apoplast, the binding of the peptides to the CEP receptor(s) will modulate the signal 
transduction. The binding interaction of the peptide is dependent on the vicinity and/or the 
presence of the receptor(s) near the site of peptide synthesis and the binding affinity of the 
peptide to the receptor(s). The receptor(s) could also be differentially regulated to the peptide 
which could provide fine tuning of the signaling pathway. In Arabidopsis, two receptors for CEP 
peptides have been identified; CEPR1 and CEPR2 (Tabata et al., 2014). Recently an orthologue 
of CEPR1 in M. truncatula, CRA2, had been identified (Hualt et al., 2014) and this receptor 
could be a good candidate for MtCEP1 receptor.  The nitrogen-regulated CEPs in Arabidopsis 
travel from the roots via the xylem to bind with the receptors in the shoots prior to triggering the 
signal transduction pathway (Tabata et al., 2014). A species of CEP peptide (including different 
domains and post-translational modifications) could bind to more than one receptor or multiple 
species of the peptide  could bind to the same receptor. However the binding interaction between 
the peptide and the receptor is likely to have different binding affinity (Km) for better specificity 
and fine-tuning during signal transduction. As demonstrated by the differences in MtCEP1 
peptides exerting their phenotypic regulation of the root development, each species of MtCEP1 
could have differential effects on the signal transduction pathway. The fine-tuning of the signal 
transduction pathway will then regulate the developmental pathways accordingly.  
 
The diversification in post-translational modifications could be part of the evolutionary 
properties of the CEP peptide family. The CEP family has only be found in angiosperms and 
gymnosperms which suggest the involvement in novel developmental traits exclusive in these 
two lineages (Roberts et al., 2013; Ogilvie et al., 2014). By having tight specificity of a broader 
range of peptides available from post-translational modification, more elegant fine-tuning of the 
signaling pathway could be achieved.  
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6.4 Future directions 
MtCEP1 regulates root architecture during nitrogen limitation by modulating lateral organ 
development. However, due to the limited mutant availability in M. truncatula, the exact 
molecular mechanisms for root regulation remain to be elucidated. Fortunately, with the recent 
discovery of the mutant of CRA2, a potential candidate for MtCEP1 receptor, possible ligand-
receptor interaction could be further explored. Functional complementation studies followed by 
biochemical studies on physical interactions between the two molecules could be carried out to 
better understand MtCEP1 modulation of lateral organ development. Additionally for future 
studies, elucidating the molecular regulation involving auxin-ethylene crosstalks with possible 
downstream regulation of the cell cycle pathway should also be performed. In particular, the 
increased auxin response demonstrated by GH3 expression could be examined for auxin 
signaling and/or synthesis outputs. Transcriptome analysis such as RNA-seq could be utilized to 
identify the downstream components of the signaling pathway. This could be followed by mutant 
analysis of the genes corresponding to the downstream components including the auxin pathway-
of-interest.  
 
The regulation of MtCEP1 in nodule development should be further studied to understand CEP 
interaction with the nodulation pathway. MtCEP1 shows possible regulation of the initial events 
of the nodulation pathway likely through mediating the root susceptibility for infection during 
nitrogen limitation. RNA-seq analysis during the course of nodule development using Nod- 
mutants corresponding to the different developmental stages including the Nod factor pathway 
should verify MtCEP1 regulation in nodule development and could also identify nodule-specific 
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CEPs. Therefore, studying the molecular networks of MtCEP1 and possible nodule-specific 
CEPs regulation is important for understanding CEP roles in nodule development. 
 
Crosstalks between auxin and ethylene are known for mediating root developmental regulation. 
In this study, nodule development has been shown to be under the regulation of the ethylene 
pathway in the elongation zone. Although it is postulated that reduced ethylene response at the 
elongation zone could affect the auxin response, the exact mechanism which resulted in the 
reduced ethylene response output still need to be studied. The ethylene signaling pathway has 
been shown to have feedback regulation to the biosynthesis pathway. Therefore it would be 
interesting to observe if the signaling output mediated by MtCEP1 is primarily signaling or if 
any feedback regulation to the synthesis pathway is involved. A recent study of the 2HA line of 
M. truncatula shows 2HA is a weak ethylene insensitive mutant due to the epigenetic silencing of 
an ethylene signaling gene, MtEIL1 (Kurdyukov et al., 2014). In Arabidopsis, EIL (EIN3-like) 
and EIN3 serve as important ethylene signaling components downstream of EIN2 (refer to 
Chapter 1). Therefore, further studies using 2HA line could provide valuable information for 
MtCEP1 regulation of the ethylene pathway. 
 
Additionally, this study demonstrates the first characterization of the novel periodic CCP sites on 
roots of M. truncatula and several indeterminate legumes. The properties of these CCP sites 
include the increase in cell division at the site and the capacity of these cells to form lateral roots 
and nodules under specific growth conditions. Dissecting the developmental stages of the CCP 
sites would be beneficial for understanding the inherent properties of this structure on 
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indeterminate legumes. Future studies on the regulation of the CCP formation may also shed 
some light on lateral organogenesis of legume roots. 
 
The discovery of multiple isoforms produced by a single MtCEP1 gene suggests different level 
of regulation and/or interplay of regulatory networks could be involved in the signal transduction 
process. The different MtCEP1 peptides must bind to their receptor(s) to relay the signal 
transduction process for proper developmental responses. However the structural mechanisms 
for the peptide-receptor interactions still remain unknown. Studies with NMR showed post-
translational modifications change the structural properties of the peptides (Bobay et al., 2013). 
Computer modelling of regulatory peptide interactions showed these conformational changes 
affect the binding of these peptides to their LRR-RLK receptors (Meng and Feldman, 2010). At 
the time of writing, the triarabinosylated peptide is not commercially available for synthesis. 
Thus studies following the peptide assay for these triarabinosylated peptides should be carried 
out to determine the regulatory roles for these peptides. Furthermore, future studies should also 
include the elucidation of potential competitive binding of a peptide on the same receptor or the 
preferential binding of a peptide to a specific receptor. These studies could employ NMR and 
protein binding coupled with affinity chromatography studies. This research avenue could be 
further explored through verifying the peptide interaction and their receptors with possible 
examination on the Km value.  
 
170 
 
6.5 Conclusion 
MtCEP1 peptide-encoding gene is upregulated by nitrogen limitation in the root to produce 
several peptide species derived from two peptide domains. These peptide species are likely to 
provide the fine-tuning of M. truncatula root architecture by regulating lateral organogenesis in 
response to specific environmental cues. In the presence of elevated MtCEP1 levels, the 
enhancement of nodulation is mediated through an EIN2-dependent ethylene pathway by 
reducing the ethylene signaling output. Additionally, MtCEP1 could be involved in the spatial 
and temporal controls for root architecture regulation. This could be reflected by the periodic 
CCP site formation on roots treated with MtCEP1. Hence, MtCEP1 provides an important 
signaling component which links the nitrogen availability as the environmental cue and the root 
architecture modulation. This fine-tuning of the root development is therefore an essential trait 
for optimal plant growth and productivity. 
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8 APPENDICES 
 
8.1 Appendix 1 (Supplementary materials for Chapter 3) 
 
Appendix Figure 1.1: Structures and amino acid sequence alignments of putative CEP-
coding genes in M. truncatula. All 11 sequences have predicted signal peptides at the N-
terminus (boxed in blue), an intervening variable region of little or no sequence conservation and 
15-AA conserved CEP domains (boxed in red). Several CEPs have more than one CEP domain.
 
Fig. S1.  
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Appendix Figure 1.2: Transverse sections of pMtCEP1:GUS roots. (A-F) transverse sections 
of mature roots show vascular specific expression (A). GUS expression is localised primarily to 
procambium (Pc) and pericycle cells (P) but not phloem (Ph) (F). Cortex = C, Endodermis (E); 
Xylem (X). (B-E) Serials sections of the pMtCEP1:GUS roots through the meristematic zone 
(MZ) and elongation zone (EZ) show GUS expression in the MZ (E), lateral root cap (lrc; D,E), 
and, in the distal elongation zone, in the undifferentiated cells (circle) destined to become stele 
(B, C). (G) pMtCEP1:GUS root shown as in Figure 3.2A. Scale bars: all 100 µm except in in (G) 
which is 200 µm.  
 
Fig. S2. 
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Appendix Figure 1.3: Gene expression analysis and phenotypic observations. (A) 
Confirmation of MtCEP1 overexpression in transgenic roots by quantitative real-time RT-PCR. 
MtCEP1 is significantly elevated in transgenic roots containing the 35S:MtCEP1 construct 
compared to transgenic roots containing the empty vector control. n ≥ 9. Student’s t-test; ***: P 
< 0.001. Error bars indicate SE. (B) Titration of MtCEP1 peptide activity on lateral root 
formation in M. truncatula. The significant inhibition of lateral root formation on M. truncatula 
seedlings induced by the MtCEP1 domain 1 peptide [AFQ(P)TTPGNS(P)GVGH where (P) is 
hydroxyproline] reduces upon dilution. n ≥ 18. Student’s t-test; ***: P < 0.001. (C) Root 
diameter is significantly increased at CCP sites.  n ≥ 6. Student’s t-test; ***: P < 0.001. Error 
bars indicate the SE. (D) Effect of MtCEP1 peptides on nodulation. Five days old plants were 
inoculated with S. meliloti and scored two weeks post inoculation. n ≥ 30. Statistically significant 
differences were determined with ANOVA, followed by Fisher’s least significant difference 
analysis at 95% confidence level (α = 0.05). Error bars indicate the SE.  
 
 
Fig. S3. 
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Appendix Figure 1.4: Effect of MtCEP1 peptide and MtCEP1 peptide variants on lateral 
root formation. M. truncatula plants were grown in 0.4% agar-containing magenta jars 
supplemented with Fåhraeus medium with or without peptides for two weeks. The medium 
contained 5 mM KNO3. MtCEP1 Domain 1: AFQ(P)TTPGNS(P)GVGH; MtCEP1 Domain 1 
with one hydroxylproline: AFQPTTPGNS(P)GVGH; MtCEP1 Domain 1 with no 
hydroxylproline: AFQPTTPGNSPGVGH; MtCEP1 Domain 1 N-terminus truncated: 
_FQ(P)TTPGNS(P)GVGH; MtCEP1 Domain 1 C-terminus truncated: 
AFQ(P)TTPGNS(P)GVG_; MtCEP1 Domain 1 G>A: AFQ(P)TTPANS(P)GVGH. (P) is 
hydroxylproline and the altered amino acid is highlighted in red.  
 
Fig. S4. 
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Appendix Figure 1.5: Effect of MtCEP1 peptide on lateral root formation in nodulating 
plants. M. truncatula plants were grown in 0.8% agar-containing plates supplemented with 
Fåhraeus medium with or without peptides. One-week old seedlings were grown without KNO3, 
inoculated with S. meliloti and grown for 7 weeks. MtCEP1 Domain 1: 
AFQ(P)TTPGNS(P)GVGH; MtCEP1 Domain 1 G->A: AFQ(P)TTPANS(P)GVGH. (P) is 
hydroxylproline and the altered amino acid is highlighted in red.  
 
Fig. S5. 
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Appendix Figure 1.6: Effect of MtCEP1 peptide on lateral root formation in legumes. (A) 
M. truncatula, M. sativa, subterranean clover cultivar Woogenellup and white clover (Trifolium 
repens) plants were grown in 0.4% agar-containing magenta jars supplemented with Fåhraeus 
medium with or without peptides for two weeks. The medium contained 5 mM KNO3. MtCEP1 
peptide: FQ(P)TTPGNS(P)GVGH where (P) is hydroxyproline. Students’ t-test *: P ≤ 0.05; **: 
P ≤ 0.01; ***: P ≤ 0.001; n ≥ 12. Error bars represent SE. (B) Effect of MtCEP1 peptide on 
lateral root formation in M. sativa, subterranean clover cultivar Woogenellup and white clover 
(Trifolium repens). Representative plants from A are shown. 
 
Supplementary Fig. S6. 
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Appendix Figure 1.7: Effect of MtCEP silencing on lateral root number in M. truncatula. 
These plants were grown for three weeks post transformation on plates containing Fåhraeus 
medium with 5 mM KNO3 and appropriate antibiotics and then transferred to plates containing 
Fåhraeus medium without nitrogen and antibiotics and grown further for three weeks. n ≥ 33. 
 
 
Fig. S7. 
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Appendix Figure 1.8: Effect of MtCEP1 overexpression or application of MtCEP1 peptides 
on nodulation. (A) Comparison of nodulation between MtCEP1 over-expressing (35S:MtCEP1) 
plants and empty vector control plants grown on 5 mM KNO3 for three weeks and inoculated S. 
meliloti strain WSM1022. The nodulation was scored two weeks post inoculation. (B) Three 
days old plants were inoculated with S. meliloti strain WSM1022 and scored at two weeks post 
inoculation. n ≥ 30. Student’s t-test, **: P < 0.01; ***: P < 0.001. Error bars indicate the SE. 
 
 
Fig. S8. 
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Appendix Figure 1.9: Affect of MtCEP1 overexpression on molecular pathways. Number of 
gene sets that were significantly positively or negatively associated with MtCEP1 
overexpression. Only significantly associated gene sets were included (P < 0.05). The expression 
levels of transcripts in sets with positive and negative NES scores are positively and negatively 
correlated with MtCEP1 overexpression, respectively. 
Fig. S9.  
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Appendix Table 1: MtCEP genes and PCR primers used in this study. Accession numbers 
are from either M. truncatula gene index (compbio.dfci.harvard.edu) or from International 
Medicago Genome Annotation (www.medicago.org/genome/IMGAG/). 
 
Table S1. MtCEP genes and PCR primers used in this study. Accession numbers are from either M. 
truncatula gene index (compbio.dfci.harvard.edu) or from International Medicago Genome Annotation 
(www.medicago.org/genome/IMGAG/). 
Name Accession 
number 
Forward primer (5'-3') Reverse primer (5'-3') 
Overexpression 
MtCEP1 TC169364 CACCATGGCTTATAAATTTCAATACA
CAATGA 
TCAATTTCCAATTTTGTTTTGGT 
Promoter 
fusion 
   
MtCEP1 
promoter 
contig_59554 CACCAAAATTTTGCTACAAGTCAATT
CAA 
ATTGAAATTTATAAGCCATTAACACG 
RNAi    
MtCEP1 TC169364 CACCCCGATGAAGATATCGACGTG TTCGCTTGTAGAGAAAAATCACCATGGT
TTGGGATATGCAAG 
MtCEP2  AC233112_1016.
1 
GTGATTTTTCTCTACAAGCGAAAGC
ACAAGCCAATTGTACC 
AAGCAATTTTGCAAACATCAAA 
MtCEP2_st
ep2 
AC233112_1016.
1 
- TTCGCTTGTAGAGAAAAATCACAAGCAA
TTTTGCAAACATCAAA 
MtCEP5 Medtr5g017710.1 GCACATTTCACTCGTAGTTGTTT TTCGCTTGTAGAGAAAAATCACTTGTTG
GTCGAAAAGCTTCA 
MtCEP5_St
ep2 
Medtr5g017710.1 GTGATTTTTCTCTACAAGCGAAGCA
CATTTCACTCGTAGTTGTTT 
- 
MtCEP11 Medtr8g072170.1 GTGATTTTTCTCTACAAGCGAAATTT
TGGTTTGATGGAAGTGC 
AGGAAAATTTGGTGGCGAATCATGG 
qRT-PCR  
MtCEP1 TC169364 CCGATGAAGATATCGACGTGAA GAACTCATTTGTAGTATCCTCAGTCACAT 
MtCEP2 AC233112_1016.1 TAGCTCGCATTTGCTTGTTC GGCTGAATGCTTTGTCTCAA 
MtCEP3 TC125059 ACGTTGAGCTCCACCATTTT GAGCGCTCCACCTCCTATTA 
MtCEP4 Medtr5g025730.1 TGAAGCATCAAGGTTGCTAAAT TGAAGGAGCTTGTGGACTTTTA 
MtCEP5 Medtr5g017710.1 GTGTTGTTTTGAGCCCAAGG TGTTGGTCGAAAAGCTTCAA 
MtCEP6 AC233112_1004.1 GCTCATCATGGAGGGAAGTC TATGCCCTGGAGATGTAGGC 
MtCEP7 AC233112_1013.1 CCGGATGTTGAGGTTTTTGT GGCCAACTCCAGGACTATGA 
MtCEP8 AC233112_1014.1 TCCAACAATATTGCCACCAA GGGTTGTGGGTCTAAAAGCA 
MtCEP9 AC233112_1015.1 TGATGCCAAATCATGGTGTC GGACTGCTTCCTGGTGTTGT 
MtCEP10 Medtr5g030490.1 TCAATGGAAGCATCAAGGTTT TATATGTCCCACCCCAAGAC 
MtCEP11 Medtr8g072170.1 AGCTCCTTCCATTGGCTTTT CCCCACCAGGACTATGACC 
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MtUBQ10 TC100142  AACTTGTTGCATGGGTCTTGA  CATTAAGTTTGACAAAGAGAAAGAGACAGA 
qRT-PCR for RNAi 
MtCEP1 TC169364 TGCATGCAACTATTCCCTTC TTGTGATGGTTCGATGGTTT 
MtCEP2 AC233112_1016.1 TAGCTCGCATTTGCTTGTTC GGCTGAATGCTTTGTCTCAA 
MtCEP5 Medtr5g017710.1 GTGTGTTGCTAGTATTTTTCTT
TCG 
TGGATTTTTGTCCCCAGAAT 
MtCEP11 Medtr8g072170.1 CCTCATCAAAACCATCATCATC TTCTTTGCCATGAAGCTCAC 
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Appendix Table 1.2: List of CEP genes found in M. truncatula. Both the genomic and EST 
databases are included in the searches. Signal peptide (SignalP) prediction was done by SignalP 
3.0 Server (http://www.cbs.dtu.dk/services/SignalP/). All complete sequences (excluding 
fragments) have signal peptides predicted by both SignalP-NN (Neural Networks) and SignalP-
HMM (Hidden Markov Model). SignalP-HMM scores are given. Note: Our in-house analysis 
suggested that this gene might have been wrongly assembled and annotated. Using RT-PCR, we 
were not able to amplify MtCEP10 based on the sequence publicly available. No EST data 
available for this gene. Need further investigation. 
 
Table S2. List of CEP genes found in M. truncatula. Both the genomic and EST databases are included 
in the searches. Signal peptide (SignalP) prediction was done by SignalP 3.0 Server 
(http://www.cbs.dtu.dk/services/SignalP/). All complete sequences (excluding fragments) have signal 
peptides predicted by both SignalP-NN (Neural Networks) and SignalP-HMM (Hidden Markov Model). 
SignalP-HMM scores are given. Note: Our in-hous  analysis suggested that this gene might have been 
wrongly assembled and annotated. Using RT-PCR, we were not able to amplify MtCEP10 based on the 
sequence publicly available. No EST data available for this gene. Need further investigation. 
CEP 
Name 
Representative 
Sequence ID 
SignalP CEP Domain 
Name 
CEP Domain 
Sequence 
MtCEP1 MT_EST_TC169364 0.967 MtCEP1.1 AFQPTTPGNSPGVGH 
      MtCEP1.2 EFQKTNPGHSPGVGH 
MtCEP2 AC233112_1016.1 0.998 MtCEP2 AFRPTTPGHSPGIGH 
MtCEP3 MT_EST_TC125059 0.96 MtCEP3 DFRPTTPGNSPGAGH 
MtCEP4 Medtr5g025730.1 0.993 MtCEP4 AFRPTSPGHSPGVGH 
MtCEP5 Medtr5g017710.1 0.996 MtCEP5 AFRPTTPGHSPGVGH 
MtCEP6 AC233112_1004.1 0.853 MtCEP6 DFRPTSPGHSPGVGH 
MtCEP7 AC233112_1013.1 0.978 MtCEP7.1 SFRPTTPGSSPGVGH 
      MtCEP7.2 GFKPTNPSHSPGVGH 
MtCEP8 AC233112_1014.1 0.771 MtCEP8 AFRPTTPGNSPGVGH 
MtCEP9 AC233112_1015.1  0.696 MtCEP9.1 AFRPTTPGSSPGVGH 
      MtCEP9.2 AFKPTYPNHSPGVGH 
MtCEP10 Medtr5g030490.1 0.729 MtCEP10.1 AFRPTPSGHSLGVGH 
   MtCEP10.2 AFRPTPPGHSPGGGH 
   MtCEP10.3 AFRPNPPGHSPGGGH 
   MtCEP10.4 AFRPTPPGHSPGGGH 
MtCEP11 Medtr8g072170.1 0.993 MtCEP11 AFRPTSPGHSPGVGH 
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Appendix Table 1.3. Summary of RNA-Seq data. Paired-end sequencing (100 nt) was 
performed on the Illumina HiSeq2000 and used to align paired end reads to the JCVI Medicago 
reference genome assembly version 3.5.2. ox: CaMV 35S promoter driven overexpression. 
Samples HiSeq2000 
reads 
Aligned reads % of 
aligned 
reads 
Vector 
control_1 
51,901,582 39,143,768 75.42% 
Vector 
control_2 
79,375,620 59,822,778 75.37% 
Vector 
control_3 
71,091,782 51,444,105 72.36% 
MtCEP1ox_1 69,272,892 51,930,037 74.96% 
MtCEP1ox_2 61,113,788 46,385,456 75.90% 
MtCEP1ox_3 58,956,358 45,512,995 77.20% 
Total reads 391,712,022 294,239,139 75.12% 
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Appendix Table 1.4: A list of genes that was significantly (P ≤ 0.01) up- or down-regulated 
by MtCEP1 overexpression in M. truncatula roots. 
Transcript MtCEP1 
ox 
FPKM 
Vector 
control 
FPKM 
Log 
FC 
FDR JCVI label 
Upregulated      
contig_59554_1.1 1928 3 9.48 0.000 Unknown protein 
Medtr4g070640.1 5 0 4.88 0.000 hypothetical protein 
Medtr4g119050.1 3 0 4.39 0.008 Monothiol glutaredoxin-S2 
contig_82104_1.1 7 0 4.35 0.002 Ethylene responsive transcription factor 1b 
Medtr1g019640.1 12 1 4.11 0.000 hypothetical protein 
Medtr4g063090.1 3 0 4.10 0.001 Aquaporin TIP1-1 
contig_240964_1.1 6 1 3.53 0.000 Wound induced protein 
contig_181224_1.1 24 2 3.38 0.000 Expansin protein 
Medtr7g086320.1 8 1 3.19 0.001 hypothetical protein 
Medtr2g034370.1 7 1 2.93 0.000 hypothetical protein 
Medtr6g065460.1 3 0 2.89 0.006 Kunitz-type trypsin inhibitor alpha chain 
Medtr3g060740.1 11 2 2.83 0.000 hypothetical protein 
Medtr4g127120.1 4 1 2.65 0.000 Leucine rich repeat protein 
Medtr1g099010.1 12 2 2.55 0.000 Nodulin-like protein 
Medtr6g092630.1 3 1 2.55 0.002 hypothetical protein 
contig_50400_1.1 2 0 2.51 0.002 (-)-germacrene D synthase 
Medtr7g024760.1 6 1 2.43 0.000 Acetyltransferase 
Medtr7g086380.1 3 1 2.43 0.002 2-aminoethanethiol dioxygenase 
Medtr4g082880.1 52 10 2.37 0.000 hypothetical protein 
Medtr3g109280.1 24 5 2.35 0.000 hypothetical protein 
Medtr5g011820.1 7 1 2.33 0.002 hypothetical protein 
contig_13371_1.1 14 3 2.27 0.001 Response regulator 
AC233109_4.1 6 1 2.26 0.000 Ribulose bisphosphate carboxylase small chain 3A 
Medtr1g099290.1 3 1 2.25 0.001 Chitinase 
contig_68573_1.1 17 4 2.22 0.000 Photosystem II protein Psb27 
Medtr4g043760.1 3 1 2.20 0.004 Mannan endo-1%2C4-beta-mannosidase 
contig_64564_1.1 4 1 2.20 0.001 Unknown protein 
Medtr2g034350.1 21 5 2.15 0.001 hypothetical protein 
Medtr5g093430.1 7 2 2.11 0.009 hypothetical protein 
contig_103756_1.1 18 4 2.11 0.000 Integral membrane protein 
AC225517_5.1 28 7 2.06 0.000 5'-methylthioadenosine/S-adenosylhomocysteine 
nucleosidase 
contig_173393_1.1 19 5 2.05 0.000 Wound induced protein 
contig_68378_2.1 39 10 1.96 0.000 FIP1 
Medtr5g050920.1 4 1 1.95 0.002 hypothetical protein 
contig_51423_2.1 7 2 1.91 0.007 Cell division protease ftsH 
Medtr8g101650.1 14 4 1.90 0.001 hypothetical protein 
contig_49268_1.1 5 1 1.89 0.003 Glucan endo-1 3-beta-glucosidase 
Medtr5g027010.1 11 3 1.82 0.008 hypothetical protein 
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Medtr3g093020.1 7 2 1.81 0.010 hypothetical protein 
Medtr7g061010.1 49 14 1.80 0.000 F-box protein 
Medtr3g099180.1 8 2 1.79 0.006 Nuclear transcription factor Y subunit C-1 
Medtr3g071300.1 28 8 1.78 0.001 Zinc/RING finger protein 
AC146630_7.1 10 3 1.75 0.002 hypothetical protein 
Medtr4g106590.1 19 6 1.75 0.003 Two-component response regulator ARR5 
Medtr1g014090.1 9 3 1.72 0.003 Auxin-induced protein 5NG4 
contig_89471_1.1 19 6 1.70 0.005 LOB domain protein-like protein 
Medtr5g082750.1 5 2 1.70 0.005 1-aminocyclopropane-1-carboxylate oxidase 
contig_164013_1.1 48 15 1.70 0.000 Protochlorophyllide reductase 
Medtr3g046670.1 10 3 1.68 0.002 Flavonol sulfotransferase-like protein 
Medtr4g015570.1 42 13 1.67 0.000 Chlorophyll a-b binding protein 
contig_164399_1.1 22 7 1.65 0.001 Photosystem I reaction center subunit IV A 
Medtr4g132400.1 63 20 1.65 0.000 hypothetical protein 
contig_171270_1.1 21 7 1.65 0.001 Unknown protein 
contig_117034_1.1 47 15 1.65 0.008 Heavy metal-associated protein  
contig_80044_2.1 71 23 1.64 0.009 Unknown protein 
Medtr4g050590.1 20 7 1.63 0.000 hypothetical protein 
Medtr5g072980.1 71 23 1.62 0.000 Cytochrome P450 71B37 
contig_76531_1.1 11 4 1.61 0.004 Ethylene responsive transcription factor 2b 
contig_56443_2.1 6 2 1.59 0.008 Receptor-like protein kinase 
Medtr5g050490.1 7 2 1.59 0.006 hypothetical protein 
Medtr5g050960.1 179 61 1.56 0.001 hypothetical protein 
Medtr5g051020.1 146 50 1.55 0.004 RRNA intron-encoded homing endonuclease 
Medtr8g037100.1 41 14 1.54 0.001 ATP synthase subunit beta 
Medtr4g072190.1 22 8 1.54 0.005 Auxin-induced protein 15A 
Medtr5g051190.1 26 9 1.54 0.001 Cytochrome P450 likeTBP 
Medtr5g051050.1 79 27 1.54 0.001 hypothetical protein 
Medtr4g057470.1 26 9 1.54 0.005 hypothetical protein 
Medtr5g051180.1 101 35 1.53 0.001 hypothetical protein 
contig_12727_1.1 96 33 1.53 0.002 Unknown protein 
contig_10853_1.1 68 24 1.50 0.001 Unknown protein 
Medtr2g103490.1 34 12 1.50 0.005 Metallothiol transferase fosB 
Medtr2g071790.1 162 57 1.50 0.001 hypothetical protein 
Medtr5g022180.1 256 91 1.49 0.002 DnaJ-like protein 
Medtr8g060850.1 104 37 1.49 0.004 Metallothionein-like protein 
Medtr5g051090.1 144 51 1.49 0.002 Tar1p 
Medtr5g051060.1 450 161 1.49 0.006 RRNA intron-encoded homing endonuclease 
Medtr5g051170.1 77 28 1.47 0.002 hypothetical protein 
contig_80467_1.1 49 18 1.46 0.002 SKP1-interacting partner 
Medtr5g051120.1 361 131 1.46 0.004 hypothetical protein 
Medtr5g050950.1 71 26 1.46 0.002 Cytochrome P450 likeTBP 
Medtr8g070540.1 10 4 1.45 0.006 CTP synthase like protein 
Medtr6g008480.1 28 10 1.43 0.004 Interstitial collagenase 
Medtr7g109510.1 35 13 1.41 0.010 BZIP transcription factor bZIP60 
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Medtr5g072930.1 126 49 1.37 0.004 Cytochrome P450 71B37 
Medtr2g014300.1 63 24 1.37 0.006 Ethylene responsive transcription factor 
Medtr1g035240.1 916 354 1.37 0.005 hypothetical protein 
Medtr4g133110.1 224 87 1.36 0.006 hypothetical protein 
contig_73132_1.1 69 27 1.35 0.005 Thiazole biosynthetic enzyme 
contig_54934_2.1 121 47 1.35 0.006 Chlorophyll a-b binding protein 6A 
Downregulated      
AC233112_1014.1 0 5 -∞ 0.004 hypothetical protein 
Medtr7g090100.1 0 2 -4.6 0.000 Protein WAX2 
Medtr7g012070.1 1 10 -3.8 0.000 Caffeate O-methyltransferase-1 
contig_173860_1.1 0 3 -3.7 0.004 Wall-associated receptor kinase 
contig_76342_1.1 0 1 -3.5 0.005 Glutamate receptor 
AC235674_15.1 0 2 -3.5 0.001 Low-temperature-induced 65 kDa protein 
contig_237963_1.1 0 5 -3.4 0.003 WRKY transcription factor 
contig_60295_2.1 0 3 -3.4 0.000 Receptor-like protein kinase 
contig_164163_1.1 2 15 -3.1 0.000 Flowering promoting factor-like protein 
Medtr5g033490.1 0 3 -3.1 0.000 Wall-associated receptor kinase-like protein 
contig_70719_1.1 0 1 -2.9 0.002 Receptor-like protein kinase 
contig_62663_1.1 0 2 -2.9 0.002 Receptor-like protein kinase 
Medtr1g021620.1 0 2 -2.8 0.009 Cysteine-rich receptor-like protein kinase 
contig_105952_1.1 14 97 -2.8 0.000 Oxidoreductase 2OG-Fe oxygenase family 
contig_103831_1.1 1 5 -2.7 0.007 Myb-like transcription factor Myb 
Medtr1g021610.1 0 2 -2.7 0.004 Cysteine-rich receptor-like protein kinase 
contig_168174_1.1 1 3 -2.7 0.001 Glutamate receptor 
contig_71318_1.1 1 5 -2.7 0.000 Receptor protein kinase-like protein 
Medtr3g007630.1 0 2 -2.7 0.002 S-locus-specific glycoprotein S6 
Medtr3g021430.1 2 10 -2.7 0.000 Isoliquiritigenin 2'-O-methyltransferase 
Medtr7g104480.1 0 2 -2.7 0.006 Abscisic acid insensitive 
contig_75316_1.1 0 1 -2.6 0.002 Receptor-like kinase 
Medtr8g041710.1 2 9 -2.6 0.000 Cysteine-rich receptor-like protein kinase 
Medtr6g044970.1 1 3 -2.6 0.006 Stress-induced receptor-like kinase 
AC233070_1006.1 0 1 -2.5 0.000 Cytochrome P450 
Medtr4g093140.1 0 1 -2.5 0.004 Heat shock protein 17a.17 
contig_163086_1.1 2 12 -2.5 0.001 Receptor-like kinase 
Medtr7g031470.1 0 1 -2.5 0.009 Receptor protein kinase-like protein 
contig_83539_1.1 2 14 -2.5 0.000 Cysteine-rich receptor-like protein kinase 
Medtr1g100150.1 1 4 -2.5 0.000 NADPH oxidase 
Medtr3g007510.1 1 4 -2.4 0.001 S-locus-specific glycoprotein S6 
Medtr3g031580.1 1 3 -2.4 0.000 Cysteine-rich receptor-like protein kinase 
Medtr2g076970.1 1 4 -2.4 0.002 Mitochondrial chaperone BCS1 
Medtr6g045030.1 1 3 -2.3 0.004 Kinase-like protein 
Medtr5g018790.1 1 4 -2.3 0.000 FAR1-related protein 
Medtr5g092190.1 0 1 -2.3 0.007 Cc-nbs-lrr resistance protein 
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contig_89909_1.1 5 24 -2.3 0.000 Peroxidase 
contig_104661_1.1 6 27 -2.3 0.000 1-aminocyclopropane-1-carboxylate oxidase 
contig_101220_1.1 1 5 -2.3 0.008 Wall-associated receptor kinase 
Medtr5g086630.1 1 3 -2.3 0.000 Receptor-like protein kinase 
Medtr2g103170.1 8 38 -2.2 0.000 hypothetical protein 
Medtr2g089120.1 2 12 -2.2 0.000 Myrcene synthase 
Medtr5g092340.1 1 2 -2.2 0.003 Disease resistance-like protein GS0-1 
Medtr7g058830.1 0 2 -2.2 0.002 Kinase-like protein 
Medtr5g013070.1 1 3 -2.2 0.001 Kinase-like protein 
contig_10510_1.1 2 10 -2.2 0.001 Unknown protein 
contig_111517_1.1 3 15 -2.1 0.000 S-locus receptor kinase 
contig_79054_1.1 2 9 -2.1 0.001 Unknown protein 
contig_13663_1.1 2 10 -2.1 0.004 S-locus-specific glycoprotein S6 
contig_63328_1.1 1 5 -2.1 0.008 Multidrug and toxin extrusion protein 
contig_132258_17.
1 
35 146 -2.1 0.000 Anthocyanidin synthase 
contig_59484_2.1 6 27 -2.1 0.000 CBL-interacting protein kinase 
AC233109_25.1 3 11 -2.1 0.001 Cytochrome P450 
contig_114942_1.1 1 4 -2.0 0.004 Receptor-like protein kinase 
contig_65582_1.1 1 4 -2.0 0.009 U-box domain-containing protein 
contig_9014_1.1 1 2 -2.0 0.008 Unknown protein 
Medtr5g031310.1 8 34 -2.0 0.000 Cinnamyl alcohol dehydrogenase 
contig_245660_1.1 5 20 -2.0 0.003 Protein kinase family protein 
Medtr3g092420.1 1 3 -2.0 0.002 Leucine-rich repeat receptor-like protein kinase 
Medtr4g090840.1 2 9 -2.0 0.002 Isoflavone-7-O-methyltransferase 
Medtr5g074680.1 4 17 -2.0 0.002 O-methyltransferase 
Medtr5g092410.1 1 5 -1.9 0.004 Toll interleukin receptor 
contig_245740_1.1 11 40 -1.9 0.000 MtN19 protein 
contig_113897_1.1 2 9 -1.9 0.001 Glyoxal oxidase 
Medtr7g009780.1 5 18    -
1.9 
0.000 Quinohaemoprotein ethanol dehydrogenase 
Medtr3g056320.1 3 9 -1.9 0.001 NBS-containing resistance-like protein 
contig_69354_1.1 6 21 -1.9 0.001 Pectinesterase 
contig_178814_1.1 4 13 -1.9 0.001 10-deacetylbaccatin III-10-O-acetyl transferase 
Medtr7g098760.1 1 4 -1.9 0.000 Pleiotropic drug resistance protein 
Medtr3g092390.1 1 4 -1.9 0.002 Kinase-like protein 
Medtr7g070740.1 7 25 -1.8 0.000 Cytokinin-O-glucosyltransferase 
Medtr8g013600.1 1 5 -1.8 0.004 Cysteine-rich receptor-like protein kinase 
Medtr2g034250.1 2 8 -1.8 0.003 DELLA protein GAI 
contig_50946_1.1 1 5 -1.8 0.004 Receptor-like kinase 
contig_69318_1.1 3 10 -1.8 0.002 Receptor-like protein kinase 
Medtr8g018510.1 2 6 -1.8 0.003 Lipoxygenase 
contig_51815_1.1 1 3 -1.8 0.004 Tir-nbs-lrr resistance protein 
Medtr5g092440.1 2 8 -1.8 0.002 Resistance protein MG13 
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Medtr7g070910.1 2 6 -1.7 0.009 UDP-glucuronosyltransferase 1-1 
contig_13255_1.1 7 24 -1.7 0.002 Pectinesterase 
Medtr2g041960.1 7 21 -1.7 0.000 Kinase-like protein 
Medtr7g012020.1 25 80 -1.7 0.000 O-methyltransferase 
Medtr4g022290.1 7 23           
-1.6 
0.001 Anthranilate N-
hydroxycinnamoyl/benzoyltransferase 
Medtr3g109320.1 12 36 -1.6 0.004 Calcium-binding protein CML42 
contig_67945_1.1 12 37 -1.6 0.001 Cytochrome P450 
Medtr8g093550.1 2 7 -1.6 0.008 hypothetical protein 
contig_119671_1.1 63 188 -1.6 0.001 1-aminocyclopropane-1-carboxylate oxidase 
Medtr1g018760.1 115 343 -1.6 0.003 L-asparaginase 
Medtr4g005880.1 9 27 -1.6 0.001 Phosphoglycerate dehydrogenase 
contig_204365_1.1 23 69 -1.6 0.004 Glucosyltransferase 
contig_186152_1.1 289 841 -1.5 0.001 Tyrosine-rich hydroxyproline-rich glycoprotein 
contig_56533_1.1 60 173 -1.5 0.001 O-methyltransferase 
contig_63585_1.1 712 2046 -1.5 0.001 Unknown protein 
contig_66194_1.1 46 132 -1.5 0.007 Potassium transporter 
contig_104638_1.1 222 635 -1.5 0.001 Unknown protein 
Medtr7g009820.1 35 101 -1.5 0.001 Quinohaemoprotein ethanol dehydrogenase 
contig_72627_1.1 71 200 -1.5 0.002 Tyrosine-rich hydroxyproline-rich glycoprotein 
Medtr2g028580.1 7 19 -1.5 0.002 Somatic embryogenesis receptor-like kinase 
Medtr7g090180.1 98 276 -1.5 0.002 Methyltransferase%2C putative 
contig_95942_1.1 145 404 -1.5 0.002 Cytochrome P450 
Medtr4g075150.1 5 14 -1.5 0.006 Serine carboxypeptidase-like protein 
Medtr2g098060.1 33 91 -1.5 0.002 hypothetical protein 
contig_13967_1.1 10 28 -1.5 0.009 MYB transcription factor 
contig_48604_1.1 4 10 -1.4 0.010 Leucine-rich repeat receptor-like protein kinase 
contig_111106_1.1 115 311 -1.4 0.006 1-aminocyclopropane-1-carboxylate oxidase 
Medtr5g040600.1 6 17 -1.4 0.009 hypothetical protein 
Medtr5g007450.1 83 221 -1.4 0.005 Cytochrome P450 
Medtr7g081580.1 8 22 -1.4 0.004 Subtilisin-like serine protease 
Medtr4g124000.1 9 23 -1.4 0.004 ABC transporter B family member 
Medtr7g047110.1 28 73 -1.4 0.004 Hydroquinone glucosyltransferase 
contig_59187_1.1 7 17 -1.4 0.009 ATP-binding cassette transporter sub-family A  
contig_54719_1.1 9 24 -1.4 0.005 Protein kinase 
Medtr4g114870.1 9 24 -1.4 0.010 Blue copper protein 
contig_18627_1.1 175 443 -1.3 0.005 Cytochrome P450 
Medtr1g088110.1 51 130 -1.3 0.009 hypothetical protein 
contig_74347_1.1 60 147 -1.3 0.009 Cytochrome P450 
Abbreviations: FPKM, fragments per kilobase of exon per million fragments mapped. Log FC, 
log fold change; FDR, false discovery rate.
206 
 
8.2 Appendix 2 (Supplementary materials for Chapter 4) 
 
Appendix 2.1: Day 0 inoculation of MtCEP1 peptide-treated roots formed nodules further 
away from the root tip at the time of inoculation. The earliest nodule of MtCEP1 peptide-
treated roots were observed to form at a significantly wider distance from the root tip at the time 
of inoculation compared to the controls which has a shorter and closer nodulation zone to the 
root tip.  
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8.3 Appendix 3 (Supllementary materials for Chapter 5) 
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Appendix Figure 3.1: Extracted ion chromatographic (EIC) separation and MS/MS spectra 
of the five peptides identified in MtCEP1ox sample with nano-LC-ESI ChipCube ion source 
Q-TOF. (a) The EIC chromatogram shows the respective retention times of the five peptides 
identified in the MtCEP1ox sample (b) The peptide sequence and hydroxylation positions were 
verified using full MS scan followed by auto-MS/MS. The doubly charged ions (indicated by the 
blue dots) were specifically targeted as precursor ions to produce the characteristic peptide 
fragmentation patterns for each peptide species (CE= collision energy). 
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Appendix Figure 3.2: MS/MS spectra for domain 1 of MtCEP1 hydroxylated peptides 
using the Q Exactive Orbitrap MS. From the three signature peaks of y5, y9, and y12, the 
hydroxylation position of the peptides were determined. The three peptides were hydroxylated at 
Pro4 and Pro11 (D1:HyP4,11), Pro7 and Pro11 (D1:HyP7,11) and Pro11 (D1:HyP11). 
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Appendix Figure 3.3: MS/MS spectra for domain 1 of MtCEP1 triarabinosylated peptides 
using the Q Exactive Orbitrap MS. From the signature peaks of y5, y9 and y12, the 
triarabinose was determined at Pro11 in all three species. The different species identified differed 
by the positions of additional hydroxylation on Pro4 (D1:HyP4, TaP11) or Pro7 
(D1:HyP7,TaP11). A triarabinosylated peptide without additional hydroxylation was also 
identified (D1:TaP11). 
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Appendix Figure 3.4: Titration of biological activity of the MtCEP1 D1:HyP4,7,11 peptide 
for inhibition of lateral root and induction of CCP site formation. The lateral root inhibition 
is significantly inhibited between 10-6 M and 10-9 M whereas the induction of CCP formation is 
significant between 10-6 M and 10-7 M. Asterisks indicate significant differences (Student’s t-
test; *=P < 0.05; **=P <0.01; ***=P < 0.001) with n ≥ 22. 
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Appendix Figure 3.5: Titration of NAA on M. truncatula plants to determine the optimal 
concentration for stimulating lateral root emergence without inhibiting primary root 
growth. (a) The NAA was titrated from 10-8 M to 10-11 M. At 10-8 M, the primary root was 
significantly inhibited. (b) The optimal concentration for stimulating lateral root emergence 
significantly was 10-10 M. Asterisks indicate significant differences (Student’s t-test; *=P < 0.05; 
**=P <0.01; ***=P < 0.001) with n ≥ 18. 
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Appendix Figure 3.6: Staining of GH3:GUS on cross-sections of peptide-treated roots and 
transformed hairy roots. (A,B) Vibratome sections of a non-treated (A) and D2:HyP11-treated 
(B) GH3:GUS root showing peptide-enhanced vascular staining. (Scale bar = 50 µm) (C,D) 
GH3:GUS expression in vector control(C) and MtCEP1ox roots (D). A strong GH3:GUS 
staining is detected at the CCP sites (red asterisks). (Scale bar = 100 µm) 
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Appendix Method 1: Q Exactive Orbitrap Targeted-SIM-ddMS2  
A scheduled targeted SIM-ddMS2 method was investigated on a refined (shortened) 
inclusion list of 7 peptide precursor ions for HRAM (high resolution accurate mass) relative 
quantification of selected peptides. The method implemented a 4 Dalton mass window for 
SIM scans at 70 K resolution and 35 K resolution for high energy collision dissociation 
(HCD) ddMS2 scans with an AGC (Automatic Gain Control) target setting of 2e5 counts and 
1e5 counts for SIM and ddMS2 scans respectively. Maximum fill times of 240ms (SIM) and 
110 ms (ddMS2) were used while an intensity threshold of 1.4e4 counts was set for triggering 
the HCD ddMS2 scan events with a dynamic exclusion of 10 seconds. The normalized 
collision energies were as specified in the table: 
Precursor Ion 
[m/z] 
Molecular Formula 
/ Sequence 
Charge 
State 
[z] 
Ion 
Polarit
y 
Peak 
Start 
[min] 
Peak 
End 
[min] 
NCE 
(eV) 
749.35651 Synthetic peptide as 
standard 
(C64H96N20O20) 
2 Positive 13.1 16.14 26 
741.85223 C64H95N19O22 2 Positive 16.17 21 26 
749.84969 C64H95N19O23 2 Positive 16.17 21 26 
757.84714 C64H95N19O24 2 Positive 13.1 16.14 26 
804.38169 C69H102N22O23 2 Positive 9 13.08 27 
947.91307 C79H119N19O35 2 Positive 16.17 21 28 
955.91053 C79H119N19O36 2 Positive 16.17 21 28 
 
The extracted ion chromatogram (+/- 5ppm, XIC) for each precursor m/z included in the 
target list was used for calculating the relative concentration of each peptide measured in the 
exudate extracts against the  calibration curve of the synthetic peptide standard that ranged 
from 20 amol to 200 fmol. The tSIM-ddMS2 method parameters used for acquiring the 
standard curve data were as previously described with the following modifications. 
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Resolution was set to 140 K with a maximum fill time of 500 ms. A mass window of 50 Da 
was used for the SIM scan and an intensity threshold of 1.8e4 counts was set for triggering 
the HCD ddMS2 scan events with a dynamic exclusion of 10 seconds. Peptide ID was 
confirmed via MS/MS fragment spectral matching against an annotated Medicago truncatula 
protein database to which was added the 4 MtCEP1 peptides performed with Proteome 
Discoverer 1.4. 
 
Appendix Method 2: Identification and quantification by nano-LC-Chip-ESI-MS/MS 
MtCEP1ox, vector control and synthetic peptide samples were analysed using an Agilent 
6530 Accurate-Mass Q-TOF LC/MS system (Agilent Technologies, Inc., Santa Clara, CA, 
USA) with a ChipCube ion source MS interface (Agilent Technologies, Inc., Palo Alto, CA) 
utilising a liquid chromatographic chip (ProtID-Chip-150(II), comprising an enrichment 
column: 4 mm 40 nL, and an analytical separation column: 150 mm x 75 µm; packed with 5 
µm Zorbax 300SB-C18 particles).  The LC separation used two pumps: a binary capillary 
pump operated at a flow rate of 4 µL/min, used for loading the samples, and a nanoflow 
gradient pump using a linear gradient from 8 (hold 2 min) to 38% mobile phase B in 47 min 
at a flow rate of 300 nL/min.  The column was then washed with 90% mobile phase B for 5 
min.  Mobile phase A was 0.1% formic acid in water and mobile phase B was 90% 
acetonitrile/water with 0.1% formic acid.  The same mobile phases were used for both the 
capillary and nanoflow pumps.  The sample was solubilized in 20 µL of 10% 
acetonitrile/water with 0.1% formic acid and a 7 µL sample aliquot was injected.  
 
The nanospray from the HPLC-Chip was subjected to positive ion polarity ESI using the 
following settings: gas flow rate 4 L/min, gas temperature 300°C, capillary voltage 1900 V, 
fragmentor 175 V, skimmer 65 V and octopole RF peak 750 V.  The instrument was run in 
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extended dynamic range mode at 2 GHz with data dependent acquisition switching between 
MS (m/z 110 – 3200 at 2 spectra/s) and auto MS/MS (m/z 50 – 3200 at 3 spectra/s) with a 
preferred list targeting specified doubly-charged peptides. Collision induced dissociation (N2 
collision gas supplied at 18 psi, medium 4 amu isolation window) was done on fragment 
spectra of the 8 most intense precursor ions with charge states 2, 3 and ≥ 3 with a 15 s 
dynamic exclusion time, within a cycle time of 3.249 s.  The collision energy was 
automatically set by the Agilent MassHunter Acquisition software (using the formula: !" = !"#$%!×! ! !!""! !""#$% , where slope 3, offset 2).  The m/z values of all ions present in the mass 
spectra were corrected against two reference ions (purine, [MH]+ m/z 112.9856 and 1H, 1H, 
3H tetra(fluoropropoxy)phosphazine, [MH]+ m/z 922.0097).  Data was acquired and 
analysed with Agilent Technologies MassHunter software (version B.5.0). 
 
To quantify each peptide in the root culture liquid extract, a calibration curve using synthetic 
peptide dilutions was constructed (10 to 100 µM). Aliquots of the sample were injected into 
the nano-LC-Chip-ESI-QTOF and the peak areas acquired were used to determine the 
relative concentration of each peptide species in the original root exudate liquid culture.   
 
Appendix Method 3: Determining the positions of post-translational modifications 
based on peptide fragmentation from MS/MS spectra acquired using the Q 
Exactive Orbitrap MS 
For the hydroxylated peptides, the doubly charged ions [M+2H]2+ were targeted for their 
MS/MS fragmentation pattern. The four hydroxylated D1 peptide isoforms successfully 
identified were: (1) D1:HyP4,7,11 hydroxylated at all three prolines (757.847 m/z), (2) 
D1:HyP4,11 hydroxylated on two prolines, Pro4 and Pro11 (749.850 m/z), (3) D1:HyP7,11 
with hydroxylation on Pro7 and Pro11 (749.850 m/z) and (4) D1:HyP11 hydroxylated only at 
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Pro11 (741.852 m/z). For D2 peptides, one isoform was found to be hydroxylated at Pro11. 
As with the arabinosylation site, the three proline signature peaks were observed by a 
characteristic 16 mass unit difference depending on the degree of hydroxylation on the 
proline residue. For example, the hydroxylation on D1:HyP4,7,11 (Figure 5.3A) at all three 
prolines will shift the 466.241 m/z to 482.235 m/z, the 837.384 m/z to 853.378 m/z and 
1152.528 m/z to 1168.521 m/z. The same mass difference was used to determine the position 
of the two hydroxyprolines for the two isoforms with the same mass; D1:HyP4,11 and 
D1:HyP7.11. Similarly, the 16 mass unit difference enabled the monohydroxylation to be 
located on Pro11 for D1:HyP11 (Appendix Figure 3.2). The MS/MS fragmentation patterns 
of the monohydroxylated D2 peptide also showed hydroxylation at Pro11. The five 
hydroxylated peptide species identified with the Q-TOF also showed the same three signature 
ion peaks which confirmed the post-translational modifications on the five peptides 
(Appendix Figure 3.1). 
  
For the arabinosylated peptides, the identified peptides were: (1) D1:HyP4,7,TaP11; D1 
peptide with hydroxylation on Pro4 and Pro7 and triarabinosylation at the Pro11 with a peak 
eluting at 16.11 min (955.911 m/z), (2) D1:HyP4,TaP11; D1 peptide with hydroxylation on 
Pro4 and triarabinosylation at Pro11 with a peak at 17.90 min (947.913 m/z), (3) 
D1:HyP7,TaP11; D1 peptide with hydroxylation on Pro7 and triarabinosylation at Pro11 with 
a peak at 18.79 min (947.913 m/z) and (4) D1:TaP11; D1 peptide with only arabinosylation 
at Pro11 eluting at 20.98 min (939.916 m/z). Again, the MS/MS fragmentation of MtCEP1 
peptides produced three strong signature peaks. These peaks corresponded to the y ion 
fragments from the peptide fragmentation at the three proline residues, y5, y9, and y12 
respectively (Figure 5.3). For arabinosylation, the 132 m/z successive peaks following the 
three signature peaks corresponded to an arabinose molecule on a proline residue. For all four 
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arabinosylated peptides, the successive peaks with 132 m/z difference started at the smallest 
fragment of the three, the y5 ion. For the D1:HyP4,7, TaP11 peptide with 955.911 m/z 
(Figure 5.3B), the MS/MS showed the y5 ion of 482.235 m/z was followed by the 
monoarabinose y5 ion of 614.277 m/z and successively by the diarabinose y5 ion of 746.317 
m/z. Similar peak patterns were observed for y9 ion and y12 ion with the monoarabinose 
peaks of 985.420 m/z and 1300.563 m/z and the diarabinose peaks of 1117.459 m/z and 
1432.612 m/z, respectively. As the larger y9 and y12 fragments consisted of the five residues 
of y5 ion (-PGVGH), the successive 132 m/z arabinose peaks had to originate from the Pro11 
on the y5 fragment. Therefore, the triarabinose modification on D1 peptide occurred at the 
Pro11. The same fragmentation pattern with mono-arabinose peaks were observed for 
D1:HyP4,TaP11, D1:HyP7,Tap11 and D1:TaP11 (Appendix Figure 3.3). 
 
Appendix Table 3.1: List of identified peptides from MtCEP1ox sample with the 
retention time (tR) of the doubly charged ion (M+2H]2+. The peptide sequence of each 
peptide is displayed in Figure 5.2. 
Peptide Molecular Formula Molecular 
Weight 
(Da) 
Precursor 
ion 
[M+2H]2+ 
tR (min) 
D1:HyP11 C64 H95 N19 O22 1481.6899 741.8522 20.42 
D1:HyP4,11 C64 H95 N19 O23 1497.6848 749.8497 17.32 
D1:HyP7,11 C64 H95 N19 O23 1497.6848 749.8497 18.23 
D1:HyP4,7,11 C64 H95 N19 O24 1513.6797 757.8471 15.31 
D1:TaP11 C79 H119 N19 O34 1877.8167 939.9158 20.98 
D1:HyP4, TaP11 C79 H119 N19 O35 1893.8116 947.9131 17.90 
D1:HyP7, TaP11 C79 H119 N19 O35 1893.8116 947.9131 18.79 
D1:HyP4,7, TaP11 C79 H119 N19 O36 1909.8065 955.9105 16.11 
D2:HyP11 C69 H102 N22 O23 1606.7488 804.3817 10.60 
 
